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ABSTRACT
Native vegetation has recently been planted to control erosion along 
the Louisiana Gulf coast. The literature has characterized the dune 
habitat as xeric and its vegetation as adapted to low moisture avail­
ability. To analyze the drought ecology of Louisiana's coastal dune 
vegetation, a one-year field investigation of plant water relations and 
subsequent greenhouse drought-stress experiments were performed on 
Spartina patens (Aiton) Muhl., Panicum amarum Ell., Hydrocotyle 
bonariensis Lam., and Solidago sempervirens L. In addition, the sources 
of soil moisture and edaphic parameters related to soil-moisture avail­
ability were investigated.
The field investigation showed dune and swale soils to be mainly 
fine sand with a low water-holding capacity. Precipitation was identi­
fied as the main source of soil moisture for plant growth. Soil moisture 
averaged 3% in the dune area and 17% in the swale. Monthly diurnal leaf 
xylem pressure and leaf conductance of each species were measured. Dune 
populations of S. patens and H. bonariensis has lower leaf xylem pressure 
than the swale populations when soil moisture dropped below 2.5%.
Seasonal patterns of leaf xylem pressure and leaf conductance for dune 
plants coincided with a summer decrease in soil moisture. Roots, con­
centrated in the top 20 cm of the dune soil profile, may partially 
account for differences between species in leaf xylem pressure and leaf 
conductance.
In the greenhouse, plant responses to drought, medium-watered, and 
flooded conditions were measured to quantify responses described in the 
field. Leaves were sampled for changes in leaf xylem pressure, leaf 
conductance, and leaf elongation rate. Each species acclimated to
xi
drought by increasing the length of each progressive drought cycle.
The ability of the dune population of S. patens to withstand low leaf 
xylem pressure and continue to grow supports evidence reported in the 
literature of ecotypic differences between dune and swale populations. 
Drought-stress experiments verified that H. bonariensis was the most 
sensitive to water stress, and employed storaatal closure as a drought- 
avoidance mechanism. Panicum amarum displayed drought avoidance by 
maintaining low leaf conductance and relatively high leaf xylem pressure 
when soil moisture decreased. The lack of stomatal control as leaf xylem 




Barrier island systems protect salt marshes, estuaries, and popu­
lated mainland areas from wave attack, storm surge, and subsequent land 
loss (Dolan 1972; Dolan et al. 1980; Leatherman 1980; Penland and Boyd 
1981; van Beek and Meyer-Arendt 1982). The U.S. barrier islands repre­
sent one of the best-evolved chains in the world. There are 295 Atlantic 
and Gulf Coast barrier islands listed by the U.S. Department of the 
Interior (1980), and 18 are in Louisiana. In Louisiana, barrier islands 
and beaches act as buffers to saltwater intrusion and storm surges, which 
contribute significantly to the loss of highly productive wetland eco­
systems (van Beek and Meyer-Arendt 1982).
Today the Mississippi River is totally confined by levees, which
deprives the flanking interdistributary swamps and marshes of rich
fluvial sediments that provide nutrients and land-building material to
the system. This disruption of the natural system has resulted in Gulf
shoreline erosion rates as high as 60 ft annually (McIntyre 1980) and
subsidence that results in an annual wetland loss of approximately 100 
2km (Gagliano et al. 1981). Besides significant shoreline erosion, the 
actual areal land mass-of Louisiana's barrier islands decreased by 50% 
between 1922 and 1978 (McIntyre 1980).
Because of the dynamic nature of barrier islands and beaches, 
problems are often encountered in attempts to stabilize and manage these 
geologically ephemeral land forms. Static approaches to stabilization, 
such as groins, jetties, and seawalls, often meet with limited success 
because of their adverse effects on barrier dynamics and equilibrium. In 
contrast, vegetative stabilization and dune building offer lower-cost 
protection for a landward-migrating barrier system (Leatherman 1980).
Godfrey and Godfrey (1975) explain that the dune-building and stabilizing 
capabilities of certain plant species allow a coupling of the geological 
and vegetative components of the barrier island system. Plants in the 
accreting dune environment can help to hold sand in place and thus play 
an important role in development and stabilization of the shoreline.
In 1975, Dahl et al. listed the following as necessary attributes 
for success of dune vegetation: the ability of plants to resist or
tolerate drought, fibrous root systems, salt spray tolerance, ability to 
trap sand, tolerance to sand accretion, and lateral growth. Many early 
ecologists recognized the ability of plants to grow and survive drought 
and low water availability in the dune environment (Kearney 1904, 
Olsson-Seffer 1909b, Purer 1936). These early investigations, however, 
were primarily descriptive accounts of plant communities and the environ­
mental factors influencing their distribution.
It was not until 1939, when Martin and Clements reported transpira­
tion rates of various California coastal dune plants, that the actual 
xerophytic nature of these plants was addressed in a quantitative manner. 
Although many authors since have described and studied various aspects of 
dune plant ecology and water relations (Oosting and Billings 1942; 
Salisbury 1952; Oosting 1954; Ranwell 1972; Garcia Novo 1976; van der 
Valk 1974; Boorman 1977) , relatively few have undertaken intensive 
investigations of the water relations of sand dune and swale plants 
(Willis and Jefferies 1963; Jones and Etherington 1971; Ashenden et al. 
1975; Ashenden 1978; DeJong 1979). Of the above papers, only Ashenden et 
al. (1975) performed field investigations in conjunction with greenhouse 
experiments to explore the responses of a dune grass to water stress.
In addition, several investigations have suggested that dune and 
swale plants may have different responses to water stress and the devel­
opment of water deficits. Some authors suggest that the regulation of 
water loss due to transpiration may be more efficient in dune plants than 
in swale plants (Ashenden et al. 1975; Silander and Antonovics 1979; 
Willis and Jefferies 1963).
Therefore, the reasons for conducting this study were (1) to inves­
tigate the alleged xerophytic nature of the dune habitat, (2) to analyze 
the drought ecology of Louisiana sand dune vegetation for which no 
published data exist, and (3) to combine a field investigation with a 
greenhouse experiment in order to quantify and describe the responses of 
four native dune and swale plants to degrees of water availability. This 
was accomplished by conducting a year-long field investigation followed 
by a greenhouse study of three dune species: Spartina patens (Aiton)
Muhl. (marshhay cordgrass), Panicum amarum Ell. (bitter panicum), and 
Hydrocotyle bonariensis Lam. (salt pennywort), and three swale species:
S. patens, H. bonariensis, and Solidago sempervirens L. (seaside golden- 
rod).
This study has been divided into two chapters, one on the field 
investigation and one on the greenhouse experiment. The field investi­
gation was designed to (1) describe the seasonal and diurnal patterns of 
leaf xylem pressure and leaf conductance of dune and swale plants,
(2) investigate the sources of soil moisture in the dune habitat and the 
soil properties relating to soil moisture and (3) identify the different 
rooting strategies of the dune species studied. As a follow-up to the 
field investigation, the greenhouse drought-stress study was conducted to 
(1) explore the limits of soil moisture availability on the growth of
4
dune and swale plants, (2) examine the relationships between decreases in 
leaf conductance and leaf xylem pressure, and (3) describe and compare 
the responses of leaf xylem pressure, leaf conductance, and leaf elonga­
tion rate of dune and swale plants to degrees of soil moisture avail­
ability.
CHAPTER 1
FIELD INVESTIGATION OF WATER RELATIONS 
Introduction
The vegetation on dunes and sandy Leaches plays an important role in 
the growth, development, and stabilization of these areas (Boorman 1977; 
Oosting 1954; and Ranwell 1972). Boorman (1977) recognized the dynamic 
ability of vegetation to grow with a developing dune and regenerate, 
unlike man-made structural dune stabilizers, which are soon buried as the 
dune develops. Godfrey et al. (1979) showed how ecological differences 
in plant responses actually influence the formation and growth of barrier 
beach geomorphology. When the sand supply and wind are sufficient, 
vegetation stabilizes sand surfaces and accelerates accretion by reducing 
wind speed over the sand surface. Recent plantings of native Louisiana 
vegetation have demonstrated the significance of vegetation as an alter­
native to more costly structural stabilization efforts (Monteferrante et 
al. 1982). Therefore, the ecophysiology and distribution of native 
Louisiana dune and swale plants are of interest because of the important 
role these plants play in stabilizing barrier island transgression.
Plants must tolerate or adapt to various environmental factors in 
the dune habitat to survive. Although no single factor can explain the 
distribution of coastal vegetation, several major factors have been 
identified: high wind velocity, salt spray, substrate instability, lack
of nutrients, high sand temperature', and soil moisture availability (Au 
1970; Martin and Clements 1939; Ranwell 1972; van der Valk 1974; Willis 
et al. 1959a). Depending on specific ecologic adaptations, various
5
plants are able to colonize the strandline, bind sand, and form embryo 
dunes (Ranwell 1972).
The ability of coastal beacb and dune vegetation to adapt to water 
stress significantly influences plant distribution and productivity (Au 
1970; DeJong 1979; Ranwell 1972; van der Valk 1974; Willis et al. 1959a) 
As early as 1904, Kearney characterized the vegetation of dunes and 
beaches as xerophytic, although others have classified them as halophyti 
(Chapman 1976). The xerophytic characterization of dune plants has been 
based primarily on their aboveground anatomical adaptations for reducing 
transpiration. Some adaptations for reducing water loss include reduced 
leaf size, increased number of palisade layers, stomatal depressions and 
pits, epidermal hairs, cutinization of epidermis, and succulence 
(Harshberger 1908). In 1978, Ashenden showed that some populations of 
Dactylis glomerata, a dune grass in Britain, were able to avoid drought 
stress by adopting xerophytic characteristics such as smaller leaf size, 
lower stomatal frequency, and a higher density of leaf cuticular waxes.
Some authors have regarded adaptations in the root system as impor­
tant. Both De Jong (1979) and Martin and Clements (1939) reported that 
some California dune plants have extensive root systems and large tap 
roots, and that some of the differences in leaf xylem pressure could be 
due to these rooting patterns. Purer (1936) reported correlations 
between seasonal environmental conditions and rooting strategies of 
California beach plants.
Martin and Clements (1939) and Zohary and Fahn (1952) have shown 
that dune plants have higher rates of transpiration and lower osmotic 
cell-sap concentrations than some desert xerophytes. This finding seems 
to be supported by the recent work done on California beach species by
DeJong (1979), who reported that dawn xylem-sap tensions measured on 
four species exceeded -15 bars only four times during the entire year. 
Clearly then, these plants must be obtaining an adequate amount of water 
by some means.
In 1954, Oosting reported transpiration rates for five dune species 
transplanted in pots and watered under various treatments. After 21 days 
without watering, the most stressed treatment displayed the largest 
decrease in transpiration, and had considerable water still available. 
Oosting showed that, on a dry-weight basis of aboveground tissue (g 
I^O/day/g tissue), the dune grasses Uniola paniculata, Andropogon 
scoparius, and Spartina patens have lower rates of water loss than either 
the broad-leaved species Cakile edentula or Heterotheca subaxillaris.
The primary source of water for dune plants is rainfall and the 
resulting pendular water held in the sand (Ranwell 1972). Salisbury 
(1952) reported that the amount of water stored in dune sand would enable 
plant growth for a period only 4 to 5 days. Dune sand has been found to 
hold from 1.5% to 6.0% water on a dry-weight basis (Salisbury 1952, 
Ranwell 1972, van der Valk 1974). Therefore, these plants must have 
another source of water during times of drought (Salisbury 1952).
Olsson-Seffer (1909a) demonstrated that capillary rise of water from 
a free-water surface in very fine sand is less than 40 cm. Consequently, 
in a dune only 2 to 3 m high, the water table can make no direct contri­
butions to plants that root in the upper meter of soil. Olsson-Seffer 
(1909b) concluded that the adaptation of dune plants to the low amounts 
of available water must be a major factor in their survival and repro­
duction along the dune substrate.
8
Oosting and Billings (1942) examined the soil moisture of dune soils 
at Bogue Banks, North Carolina, at 10- and 20-cm depths. They observed 
extremely low soil moisture at both depths from the foredunes back to the 
crest of the rear dune and available water of 3.5% at field capacity.
Olsson-Seffer (1909b) suggested that condensation of water vapor in 
the soil could increase soil moisture availability, whereas Salisbury 
(1952) indicated that enough dew formation from moist sea air could be 
drawn into pore spaces of the sand to maintain growth. Willis et al. 
(1959) suggested that water may move upward from the water table.
However, Oosting (1954) reported that some dune species wilt daily during 
the dry periods. What actual mechanism or mechanisms supply water to the 
roots of these plants evidently remains unclear.
The purpose of this field study was to quantify the ecological 
requirements of Louisiana’s barrier island vegetation with respect to 
their water relations. This was accomplished by comparing and describing 
the seasonal and diurnal patterns of leaf xylem pressure and leaf con­
ductance of plants in the dune and swale habitats, and the distribution 
of their root systems in the dune. The sources of available soil moisture 
were also investigated and compared to the sources of soil water reported 
for other dune habitats. In this way the xerophytic nature of the dune 
habitat was evaluated and compared to that of the swale for the following 
perennial plant species: H. bonariensis, P. amarum, and S. patens in the 
dune, and H. bonariensis, S. sempervirens, and S. patens in the swale.
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The Study Site
The study area is located along the Caminada-Moreau coast of 
Louisiana (latitude 29° 11' 00" N, longitude 90° 03' 40" W; Fig. 1) 
within the abandoned Lafourche distributary of the Mississippi River 
(Fisk 1955). This distributary was abandoned approximately 600 years 
ago, and the Caminada-Moreau coast was formed by the reworking of deltaic 
materials by marine processes (Penland and Ritchie 1979). The area, 
located about 2 km west of Caminada Pass, is a narrow southeast-facing 
beach subject to a predominantly southeast wind. Waves from the south­
west and south, however, are the primary mechanisms of littoral transport 
(Dement 1972).
This coast is dominated by frequent storms and hurricanes that, 
together with a lack of local sediment supply and high subsidence rates, 
result in extremely high rates of beach retreat (Harper 1977). A three- 
year study of 15 elevation profiles by Harper (1977) showed that the mean 
linear retreat was 8.0 m/yr. Others have shown erosion rates for this 
area to be as high as 20 m/yr (Gagliano et al. 1981).
A typical beach profile reveals a gradual slope upward from the 
water's edge for a distance of approximately 30 m to a vegetated dune 
crest of 1.5-2.0 m in height. In back of the dune area, elevation drops 
abruptly in a heavily vegetated swale, which is backed by a salt marsh 
behind the barrier beach (Fig. 2). The beach is typically unvegetated, 
with the foredune sparsely vegetated with S. patens, Sporobolus virginicus 
(L.) Kunth., Ipomoea stolonifera (Cyrillo) Poiret., I. pes-capre (L.) 
Sweet, and H. bonariensis. These four taxa are all native perennials that 






Figure 1. Map of Louisiana showing the regional setting west of the Mississippi River on 
the Gulf of Mexico coastline. The boxed area indicates the study site along 










Figure 2. Typical beach elevational profile from the Gulf to the sound, and the relative
distribution of the four beach plants investigated (from Mendelssohn et al. 1983.)
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Compared to the drier beach and dune habitat, the swale is a low, 
moist area. It is immediately landward of the primary dune and is 
frequently inundated by high tides. The vegetation is more dense, and 
the most frequently encountered native perennials are Scirpus americanus 
Persoon., H. bonariensis, Fimbristylis spadicea (L.) Vahl., S. 
sempervirens, and S. patens.
Climate
The nearly subtropical climate of coastal Louisiana, along with 
abundant rainfall, allows for a long growing season. The mean monthly 
maximum air temperature for the study period of April 1980 through March 
1981 ranged from 34°C in July 1980 to 14.5°C in January 1981 in Galliano, 
Louisiana, which is approximately 50 km north of the study site. The 
mean monthly minimum air temperature varied from 24.5°C in August 1980 to 
2.5°C in January 1981. The overall annual average of monthly maximum and 
minimum air temperatures was 20.4°C in 1980 and 20.9°C in 1981 (U.S.
Dept, of Commerce 1980-1981).
Precipitation totaled 2002 mm during April 1980 through March 1981.
Figure 3 shows its distribution throughout the study period in relation 
to sampling dates, as recorded for Galliano, Louisiana, which was the 
closest NOAA rain gauge. Total precipitation during 1980 was 1896 mm, 
and 1387 mm during 1981. A graphical representation of the combined 
climatic elements in Figure 4 indicates a humid, wet climate-according to 
the method of Walter (1973). When total monthly precipitation and mean 
monthly air temperature are plotted on a scale of 10°C = 20 mm precipita­
tion, potential plant water stress is indicated when the precipitation 






































M O N T H S
Figure 3. Precipitation for the study period of April 1980 through
March 1981 shown as the sum of three day periods with
sampling dates indicated by arrows. (U.S. Dept, of
Commerce daily summaries for Galliano, Louisiana).
Figure 4.
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t 1980  MONTHS t  1981
Mean monthly totals of precipitation (upper line) and average monthly temperatures 
(lower line) for the study period indicated by arrows (U.S. Dept, of Commerce monthly 
summaries for Galliano, Louisiana).
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During the study the only drought period occurred in August 1980 
(Fig. 4). Precipitation exceeded temperature in this plotted relation­
ship during the remainder of the study period.
Study Taxa Descriptions
Spartina patens (Aiton) Muhl. (Poaceae), or marshhay cordgrass is a 
perennial grass that varies greatly depending on its habitat. Along the 
coastal zone it is ubiquitous from Canada to Central America and is found 
on sandy beaches, dunes, swales, and salt marshes. According to Silander 
and Antonovics (1979), dune plants have greater seed production, tillering, 
and rhizome spread than swale plants, which are more vegetatively robust 
and have a lower tillering capacity. In this study, S. patens will be 
referred to either as the dune or swale population. At various times 
throughout the year the leaves of S. patens (dune) and S. patens (swale) 
were curled and narrowed, making measurements of leaf conductance impos­
sible.
Panicum amarum Ell. (Poaceae), or bitter panicum, is a rhizomatous 
perennial grass occurring on sand dunes along the Atlantic and Gulf 
coasts. It roots easily at lower nodes, grows to 1.5 m tall, has leaf 
blades 4-15 mm wide, sheaths glaucous, and bears purplish grain. Seed 
set occurs in September-October with leaf senescence occurring in November. 
It is often indistinguishable from Panicum amarulum Hitchc. & Chase in 
the southern part of their range (Palmer 1975). Finding only minor 
morphological differences, Palmer (1975) concluded that both species 
should be reduced to varietal rather than specific rank due to their 
close genetic relationship. On the Gulf Coast the two were indistin­
guishable on the basis of habit, the clearest morphological difference
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being venation of the first glume, with P. amarum having seven or nine 
veins, while P. amarulum has three or five veins.
Palmer (1975) presents evidence that P. amarum is an autohexaploid, 
that is, (2n=54) of the tetraploid P. amarulum (2n=36). Although they 
have similar ecological requirements, P. amarum has been able to invade 
the foredune area, a habitat less accessible to P. amarulum.
According to Palmer’s (1975) revision, the two species should be 
referred to as Panicum amarum var. amarum and Panicum amarum var. amarulum. 
In this study, P. amarum var. amarum will be referred as P. amarum.
Hydrocotyle bonariensis Lam. (Apiaceae), or salt pennywort, is a 
low-growing, creeping, perennial herb. It has solitary, orbicular, 
peltate leaves on petioles 2 to 15 cm in length from fleshy underground 
rhizomes. The fibrous roots are shallow and occur at the nodes, which 
are spaced approximately 10 cm apart. Flowers are small (less than 8 mm 
diameter) and occur in umbels. Hydrocotyle bonariensis occurs sporadi­
cally on sandy dunes and frequently in swale habitats (Brown 1972;
Radford et al. 1964). In this study, both dune and swale populations 
were examined, so it will be referred to as either H. bonariensis (dune) 
or H. bonariensis (swale).
Solidago sempervirens L. (Asteraceae), or seaside goldenrod, is an 
erect perennial with creeping rhizomes. Plants may be as tall as 2.0 m, 
and young plants consist of only a basal rosette of linear leaves up to 
20 cm long. Solidago sempervirens flowers in October and November. Disc 
and ray flowers are both yellow and are arranged in an elongated spike- 
tipped cluster (Brown 1972; Radford et al. 1964). It occurs abundantly 




Various edaphic factors relating to the availability of soil mois­
ture to dune and swale plants were investigated. Soil grain size, soil 
moisture retention, and soil bulk density were sampled once (December 
1980], whereas changes in soil moisture, soil conductivity, and soil 
water-table depth were measured monthly from April 1980 through March 
1981.
Soil particle size analysis. Surface samples (0-10 cm depth) were 
collected, and grain size analysis was performed using standard soil 
sieves and a mechanical shaker (Day 1965).
Soil bulk density. Bulk densities of the dune and swale soils were 
determined at two depths (5-15 cm and 30 cm in the swale, and 5-15 cm and 
50 cm in the dune) using undisturbed soil cores collected in the field. 
Cores were collected using a special double-cylinder core sampler. This 
consists of a cylinder within a cylinder, with the outer cylinder longer 
on the top and bottom than the inner one. The inner cylinder had an 
inside diameter of 7.62 cm and 5.08 cm in height. This core was then 
hammer driven into the soil in order to obtain an exact volume of soil in 
the inner cylinder. The inner cylinder was then removed carefully and 
the excess soil was trimmed away to a flat even surface on both ends of 
the cylinder. In this way the sample volume is established to be the 
same as the sample holder. The soil was transferred to a container and 
oven dried at 105°C for 24 hours. A total of six undisturbed cores from 
each depth was collected, and dry bulk densities were determined using 
the methods described by Hanks and Ashcroft (1980) where:
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dry bulk density = oven dry weifht soilsample volume
Soil moisture retention. Retention curves for soil moisture were 
determined for both dune and swale habitats (5-15 cm and 30 cm in the 
swale, and 5-15 cm and 50 cm in the dune) (Hanks and Ashcroft 1980).
These measurements were made on "undisturbed" soil core samples collected 
in the field and returned to the lab. Soil moisture content of saturated 
samples was measured in sealed Tempe pressure cells (Soil Moisture 
Equipment, Inc., Model #1450) under slowly increased increments of 
pressure from 0 to 0.1 bars of pressure. Because of difficulty in 
seating the sandy soil within the Tempe cells, measurements for the swale 
were halted at 75 millibars (0.075 bars) of pressure due to air leaks.
For measurements under higher pressure (0.3 to 15.0 bars), a soil moisture 
extraction pressure plate (Soil Moisture Equipment, Inc., Model #1500) 
was used in conjunction with disturbed soil samples (Hanks and Ashcroft 
1980).
Soil moisture. Soil samples were taken to determine gravimetric 
soil moisture and conductivity in both the dune and swale habitats. Nine 
samples were taken with a hand auger at 10- and 50-cm depths from both 
habitats for a total of 36 samples monthly. These samples were sealed in 
soil cans and returned to the laboratory where they were weighed and 
dried at 105°C for 24 hours and reweighed.
Soil electrical conductivity. The electrical conductivity in 
micromhos cm * of each soil sample was then determined with a Lab-Line 
model MC-1, Mark IV conductivity meter, where 1000 micromhos = 0.5 ppt 
salinity at 25°C. Each sample was thoroughly mixed, and 5 g of sand was 
weighed and mixed with 10 ml distilled water. The vial was shaken by 
hand, then allowed to sit for approximately 15 minutes and shaken again.
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After the sample settled, the supernatant was poured into the conductivity 
cell and measured. The conductivity cell was calibrated with a 0.01 N 
KCL solution.
Soil water table. To monitor changes in the water table depth, two 
plastic tubes 4 cm diameter and approximately 135 cm long were installed 
as wells in the dune and swale habitats in April 1980. These access 
tubes were monitored every sampling date throughout the 12-month study 
period. The only exception was during the month of June, when the access 
tubes were vandalized.
Dune soil moisture exclusion study. To investigate how dune plants 
are able to obtain water in the dune habitat, a soil moisture exclusion 
experiment was designed to identify the major source(s) of soil moisture. 
Twenty-five 10-liter buckets filled with dune sand were placed level with 
the soil surface in the rooting zone in five different configurations in 
the dune to identify the main sources of soil moisture. Five treatments 
(configurations) were used in a randomized (5 x 5) Latin square design 
(Snedecor and Cochran 1967). Duncan's multiple range test was used to 
test for significant differences between treatments using SAS (Statis­
tical Analysis Systems).
The treatments were arranged along the Caminada-Moreau barrier beach 
(Elmers Island) on June 3, 1981, and were monitored for changes in soil 
moisture until August 5, 1981. Soil samples for gravimetric soil moisture 
determinations were collected from each bucket on three different dates: 
June 26, July 20, and August 5. The five different bucket configurations 
or treatments were as follows: (A) a bucket closed on the bottom with 
precipitation as the main source of water; (B) a control bucket with two, 
1-in. drain holes on the bottom, also open at the top to precipitation;
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(C) an inverted bucket closed to precipitation with the open end below
2the sand surface open to the water table and 1 m of heavy plastic 
sheeting around the bucket perimeter to direct precipitation away from 
the bucket; (D) a completely sealed bucket from which both water from 
precipitation and water from the water table were excluded; and (E) a 
treatment identical to A except for a side drain allowing drainage of 
heavy rainfall. All rows were placed parallel to the beach 3 m apart 
with columns perpendicular to the beach spaced 1 m apart.
Vertical Distribution of Dune Root Biomass and Soil Moisture
In order to quantify root biomass throughout the dune soil profile, 
three representative clumps of dune vegetation comprised mainly of S. 
patens, P. amarum, and H. bonariensis were selected along a 200-m transect 
parallel to the shoreline on the dune crest on December 7, 1981. For 
each clump selected, a pit approximately 1.5 m long and 1 m wide was 
excavated to the water table. Five different depths were sampled for 
root biomass and soil moisture: A, 0-10 cm; B, 10-30 cm; C, 30-50 cm; D,
50-100 cm; and E, 100 cm-bottom. Root biomass was sampled horizontally 
into the face of the pit at the five levels with an aluminum coring tube
7.5 cm in diameter and with a 27-cm effective length. In each pit, five 
cores were taken from each level sampled. Each sample was placed in a 
plastic bag and returned to the laboratory. Root biomass was collected 
for each core by washing each sample through a screen (1.6-mm mesh size)
and collecting the roots present. These roots were then dried for 48 h
at 60°C and weighed. Also, a soil moisture sample was collected in a 




The study site was visited one day each month from April 1980 
through March 1981. Relative humidity and air temperature were deter­
mined every hour on each sampling date using a Psychro-Dyne automatic 
psychrometer. Also, hourly photosynthetically active radiation (PAR) was 
measured in microeinstiens per meter square per second with a LI-COR 
light meter (model LI-185A) in conjunction with a quantum sensor 
(LI-190SB).
r Plant Water Relations Measurements
Sampling regime. On each sampling day for 12 consecutive months, 
leaf xylem pressure and leaf conductance were measured beginning at dawn 
and continuing every three hours until dusk. For each of the three plant 
species, a minimum of three measurements was made at each sampling time. 
All plants were randomly chosen; however, only healthy, mature leaves 
were selected.
Leaf xylem pressure. The free energy or water potential (¥ ) is the
single most useful measurement of plant water stress (Kramer 1983). It
includes the following components: V = + ¥ + ¥ + ¥ where ¥ is° r w s p m g  s
the osmotic potential due to solutes dissolved in the cell sap, ¥ is the 
pressure potential produced by the hydrostatic pressure, ¥ffl is the matric 
potential due to water bound on cell surfaces and in microcapillaries, 
and ¥ is the effect of gravity (usually negligible in herbaceous plants).O
Except in fully turgid cells where the water potential is zero, the sum 
of these three terms is a negative number measured in negative bars of 
pressure (Kramer 1983).
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Since 1967, when Boyer demonstrated that the pressure chamber method 
correlated closely, i.e. ± 2  bars with thermocouple psychrometer measure­
ments of leaf water potential, the pressure chamber technique developed 
by Scholander et al. (1965) has been used extensively in the study of 
plant water relations. The pressure chamber method was used in this 
study because of the simplicity of making measurements, the apparatus can 
be transported into the field, measurements are fairly rapid, and data 
can be compared to numerous other studies using the same technique.
In this study, a pressure chamber (Soil Moisture Equipment Co.,
Model y/3005) was used to measure leaf xylem pressure by placing detached 
' leaves in the pressure chamber, with the petiole extending through the 
top of the chamber (Scholander 1965). The chamber was sealed, and the 
pressure was increased slowly. The endpoint was determined when xylem 
sap menisci appeared at the end of the major xylem vessels and was 
measured in negative bars of pressure.
Leaf conductance. Transpiration is the loss of water from plants 
due to evaporation from the leaf surfaces. It is the dominant process in 
plant water relations as it controls the rate of movement and uptake of 
water through the plant (Slavik 1974). The rate of transpiration thus 
depends on the amount of energy to evaporate water, the concentration 
gradient of water vapor between air and leaves that constitutes the 
driving force, and the resistances to water movement in the system 
(Kramer 1983).





•2 -Iwhere T is the rate of transpiration in g cm s , C. is the waterIcdl
vapor concentration of the leaf, and C . is the water vapor concentra-<inxr
-3tion of the bulk air in g m , while is the diffusion resistances
of the leaf and r . is the boundary layer resistance in 5 cm (Kramer ar tc
1983).
The total resistance of the leaf is composed of cuticular resistance,
stomatal resistance, mesophyll cell wall resistance, resistance in the
intercellular spaces and resistance of the stomatal pores. Stomatal
resistance (r ) which is the dominant resistance to water loss at the s
leaf surface along with the parallel resistance of the cuticle (rc) 
constitute the total leaf resistance (t^) where:
= 1- + i-r. r r1 c s
Thus transpiration is controlled primarily by stomatal aperature (Kramer 
1983). To measure the rate of diffusion of water vapor from the leaf, 
leaf diffusive resistance was measured with a LI-COR autoporometer (model 
LI-65). The porometer cup has an effective aperature of 70 mm (van 
Bavel et al. 1965; Kanemasu et al. 1969) and is accurate to 1% full 
scale. Leaf diffusive resistance was measured by first shading the leaf 
to be sampled, as well as the sensor cup before each measurement. Due to 
the variability in calibration, the autoporometer was calibrated every 
sampling date to ensure consistent measurements.
To calibrate the autoporometer under known temperatures, a metal 
calibration plate consisting of a series of known diameter holes over wet 
filter paper was used. Leaf conductance (cm s *) was taken as the 
inverse of the calculated leaf diffusive resistance. Only leaf surfaces
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with the highest concentrations of stomata were measured; therefore, 
adaxial measurements were made for S. patens and P. amarum, whereas 
abaxial measurements were made for S. sempervirens and H. bonariensis.
At various times throughout the year, the leaves of S. patens were 
rolled, making it impossible to measure the diffusive resistance.
All plant parameters measured were analyzed as an ANOVA with a 
completely random design and factorial arrangements of treatments (Steel 
and Torrie 1980) using SAS software. Least significant differences (LSD) 
were used on plots to show at what times treatments (i.e., habitats) were 




Soil particle size analysis. Most of the sand in the dune and swale 
habitats along Caminada Pass (approximately 1.5 km from the study site) 
is fine grained; both areas have approximately 80% fine-grained sand and 
15% very fine-grained sand (Table 1). The silt/clay fraction was 2.21% 
in the swale and 0.92% in the dune area. Consequently, these soils are 
termed "poorly graded" (Hillel 1971), because they are composed of a 
majority of particles in the fine and very fine sand categories. Ranwell 
(1972) and DeJong (1979) reported similar results for other coastal dune 
sands.
Soil bulk density. Results of the bulk density determinations 
indicate a similarity between the dune and swale areas. Dry bulk density
_3for the dune sand measured 1.59 +0.12 g cm in the upper layer (5-15
_3cm), and 1.54 + 0.05 g cm in the deep layer (50 cm). These results
correspond to the swale dry bulk densities, which measured 1.53 + 0.05 g
“3 -3cm in the upper zone (5-15 cm) and 1.61 + 0.04 g cm in the deep layer
(30 cm). All of the bulk densities measured were in the range of 1.55 g
cm  ̂ reported by Olson (1958) for dunes along Lake Michigan and the upper
_3limit of 1.60 g cm , as given by Hillel (1971) for sandy soils.
Soil moisture retention. The soils from both dune and swale habi­
tats were similar in that large amounts of water were lost under low 
pressures (Fig. 5). From -20 mbar to -100 mbars, the dune sand dropped 
from approximately 20% moisture content (g H^O/lOO g dry sand) at satura­
tion to between 4% and 5%. Because of mechanical problems in keeping the 








Particle-size distribution (% mass) of sand from dune and 
swale of the Caminada spit study area; the results are 
means of pooled samples from 5 dune transects and 6 swale 
transects with each transect consisting of 5 samples 
(Mendelssohn 1984).
Particle-Size Categories (mm)
Silt/ V.F. Fine Med. Coarse V. Coarse
Clay Sand Sand Sand Sand Sand
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Figure 5. Soil moisture retention curve for saturated undisturbed
sand samples collected in the dune and -swale and measured 
in Tempe cells under slight pressure changes (i.e. between 
0 and 0.10 bars of pressure) for two depths (5-15 cm and 
50 cm in the dune; 5-15 cm and 30 cm in the swale).
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technique. Results for the swale were similar to the dune; a large drop 
in moisture content occurred under very slight pressure.
Between -1.0 bar and -15.0 bars of pressure, changes in soil mois­
ture content are very small in both dune and swale habitats at depths of 
15 and 50 cm in the dune and 15 and 30 cm in the swale (Fig. 6). The 
swale showed a slightly higher retention of soil moisture at the 30 cm 
depth at -1.0 bar of pressure: 2.3% soil moisture versus 1.2% in the
dune. Similar results were obtained in the 5-15 cm surface zone of both 
habitats: 2.3% soil moisture in the dune and 1.8% in the swale. Beyond
-1.0 bar of pressure, available soil moisture dropped only slightly to 
-15.0 bars of pressure. At -3.0 bars of pressure, soil moisture measured 
between 1.0% and 2.0% in all the zones, whereas at -15.0 bars approxi­
mately 1.0% soil moisture was found.
These data conform to the soil water retention curve of Taylor and 
Ashcroft (1972) for a sandy soil. As documented for other sandy soils, 
most of the available water is released by -3.0 bars of pressure, mainly 
because of the relatively large pore size inherent in sand. Hillel 
(1971) states that the amount of water held in soils at low values of 
pressure (i.e., 0 to -1.0 bar) is due mainly to the soil structure, that
is, the capillary effect, and pore size distribution. On the other hand,
the water held at higher suctions is increasingly due to adsorption and
soil texture, and less to structure.
Soil moisture. The mean soil moisture in the dune for the 12 months 
between April 1980 and March 1981 was 3.16% + 1.15% at the 0-15 cm depth 
and 3.76% + 1.52% at the 40-50 cm depth. In contrast, the swale soil 
moisture means measured 17.40% + 8.74% at the 0-15 cm depth and 23.46% + 
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Figure 6. Semilog plot of moisture retention curve for satur­
ated disturbed soil samples collected in the dune 
and swale and measured in a soil moisture extraction 
chamber with ceramic plates for pressures ranging from 
-0.3 to -15 bars of pressure. These measurements are 
combined with the results of the Tempe cell extraction 
of soil moisture on undisturbed samples for pressures 
between 0 and -0.1 bars.
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These results are in agreement with those of Willis and Jeffries 
(1963), who found dune soil moisture for Braunton Borrows, England, to 
range from 1.4% at the surface to 6.1% at 90-cm depth and the swale to 
range from 9.7% to 26% (saturation) at 90-cm depth. In North Carolina, 
van der Valk (1974) reported dune soil moisture to be between 3.0% and 
4.0%, and Purer (1936) in California found soil moisture to range from 
0.49% to 6.53% in the top dune layer. In general, soil moisture has been 
found to increase steadily to depths of 60 cm below the dune surface, and 
then decrease to a more constant level at greater depths (Salisbury 1952; 
Ranwell 1959; Willis et al. 1959).
On almost every date the soil below 15 cm in both dune and swale 
habitats had a higher moisture content than that at the surface (Fig. 7). 
The only exception occurred in January, when recent rains caused the 
moisture content in the dune surface layer to be slightly higher (Fig. 3). 
The driest months for the surface in the dune were July, August, and 
October; measurements for these months all showed less than 2.0% soil 
moisture (Fig. 7).
The soil raatric potential (Fig. 6) shows that soil moisture was 
approaching -3.0 bars for each of these dates.. This value is important 
because soil moisture loss is greatest between 0 and -1 bar of soil water 
potential (Fig. 6). Little change occurs in soil moisture content 
between -3.0 bars and -15.0 bars, which is generally the lower limit of 
water availability for plants (Hillel 1971). On the sampling dates in 
July, August, and October, soil moisture was the lowest for the entire 
study period. These days corresponded to periods of little rainfall 
(Fig. 3), particularly in August when the total monthly precipitation was 
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Percent soil moisture measured gravimetrically for both dune and swale locations 
at two depths for each sampling date (n=9; ± 1 standard deviation).
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climatic diagram (Fig. 4). Soil moisture values for the swale never 
dropped below 5% for either depth measured (Fig. 7). Therefore, ac­
cording to the soil moisture retention curve (Fig. 6), unlike the dune, 
soil moisture was available in the swale to plants on every sampling 
date.
Soil electrical conductivity. Conductivity varied considerably in 
both habitats (Table 2). As described by Oosting (1954) this variability 
may be due to the rapid leaching of salts from the soils caused by 
rainfall. Electrical conductivity was often twice as great in the swale 
as in the dune habitat. The mean conductivity for the dune surface 
measured 58.7 micromhos cm \  .whereas the mean swale surface conductivity 
was 130.7 micromhos cm *.
DeJong (1979) in California, Au (1970) in North Carolina, Gorham
(1958) in England, and Oosting*s (1954) review of the ecology of the dune 
vegetation of the southeastern United States all reported low soil 
salinity values for the dune habitat. The highest salinity values 
generally occurred at the edge of the vegetation closest to the beach 
because of salt-spray accumulation. Gorham (1958) reported conductiv­
ities ranging from 28 to 110 micromhos cm * at 20°C using a 1:5 ratio 
of soil to distilled water. Converting Gorham's data to a 1:2 ratio 
shows a range from 275 to 270 micromhos cm \  which corresponds closely 
to the values reported in Table 2 for the swale.
Soil water table. The depth of the water table in the dune was 
greater than 135 cm for every date measured (Table 3). The average dune 
water table depth for three soil pits was found to be 196 ± 29 cm on 
December 7, 1981, when root biomass was measured. In the swale habitat, 
the water table was measured monthly and varied from 63.5 cm in July, to
Table 2. Soil conductivity (micromhos cm ) of sand from dune and swale habitats at two depths, surface 
(0-15 cm), and deep (40-50 cm dune, 30-40 cm swale) for each month (April 1980 to March 1981). 
Each measurement is a mean of 9 samples collected; where 1000 micromhos = 0.5 ppt salinity at 
25°C.
Soil Conductivities (micromhos cm b























































































































































. Monthly average water table depth (cm) from two wells in the swale and 
dune habitat (April 1880 to March 1981)* Dune water table depth was 
greater than 135 cm on every sampling date.
MONTHS
A M J J A S O N D J F M
34 16 —  63 38 26 41 33 26 26 34 43
>135 >135 —  >135 >135 >135 >135 >135 >135 >135 >135 >135
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15.9 cm in May and averaged 34.5 ± 12.3 cm for the 12-month period. The 
periods of lowest rainfall in July and October corresponded to a notice­
able drop in the swale water table.
As in other areas the low dune elevation results in a high water 
table. For example, on Assateague Island, Maryland, Higgins et al.
(1971) found the water table depth to average 88.8 cm deep in the dune- 
grass zone and to increase to 46.9 cm in the shrub zone, whereas Ranwell
(1959) reported the water table in Newborough Warren, Anglesey, in 
England to be 15 cm below the sand surface in the swale and 200 cm below 
in the dune. DeJong (1979) reported the water table for two beach sites 
in California to vary between 2 and 3.5 m in depth during a one-year 
period.
Dune soil moisture exclusion study. A continuing controversy in 
dune plant ecology concerns the source(s) of available soil moisture that 
enables vegetation to survive in a seemingly xeric environment (DeJong 
1979). In this study, soil moisture was significantly higher in the 
treatments open to precipitation; values were 3% or greater (Table 4). 
These values correspond to approximately -0.3 bar of soil matric poten­
tial (Fig. 6), which is sufficient for plant growth.
This study was conducted during the summer months, which are typi­
cally hot and drier than other times of the year (Fig. 4). Approximately 
300 mm of rainfall was recorded in Galliano, Louisiana, for June and July 
1981. This precipitation normally occurs as frequent, intense afternoon 
summer showers of short duration. Consequently, little more than the 
upper 15 cm of the soil profile are affected, and rapid evaporation 
occurs upon cessation of the shower.
Table 4. Mean percent soil moisture measurements for the dune soil 
moisture exclusion study*
Treat N % Soil Moisture Mean
A open top, closed bottom 15 3.71 a
E open top, closed bottom 
with side drainage 15 3.13 a
B open top, bottom drainage 
holes (2) 15 2.98 a
C closed top, open bottom 15 1.31 b
D completely sealed 15 0.80 b
^Treatments A, B, and E were all open at the top to precipitation, while 
treatment C was closed at the top and open on the bottom, and D was 
completely sealed at both the top and bottom. Soil moisture means for 
three sampling dates are followed by the same letter do not differ at 
the 0.05 level of probability for each treatment as determined by the 
Duncan's multiple range test.
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In California, DeJong (1979) showed that if water was prevented from 
moving upward in the soil profile, the sand above the barrier dried out 
and only rehydrated when rains occurred. A major difference between 
DeJong's work and this study is that the California summers are very dry, 
and very little precipitation was recorded during DeJong*s experiment. 
Consequently, in his experiment the upper sand surface dried out, neces­
sitating upward movement of water for plant survival. This is in contrast 
to the Louisiana coast, where showers are frequent and rainfall is 
abundant, thereby providing adequate moisture to the upper portion of the 
soil profile. Indeed, my results (Table 4) do show that the amount of 
moisture beneath the plastic barrier was approaching the lower limits of 
availability to plants, that is, 1.31% or approximately -8 bars of soil 
matric potential as determined previously (Fig. 6). These data do not 
exclude Salisbury's (1952) idea of internal dew formation from atmospheric 
water vapor; however, they also do not exclude the possibility of upward 
movement of moisture along a water vapor gradient from the water table as 
proposed by Olsson-Seffer (1909a) and Willis et al. (1959).
Vertical Distribution of Dune Root Biomass and Soil Moisture
Dune root biomass steadily declined from the top 10 cm to the water
table approximately 2 m below the surface (Fig. 8). Root biomass density
-3 -3averaged 1433.4 g m in the top 0-10 cm, decreased to 564.4 g m in the
_3
30-40 cm zone, and measured 171.5 g m between 100 cm and the water 
table. These measurements of root biomass reflect the collective distri­
bution of P. amarum, S. patens, H. bonariensis, Ipomoea stolonifera, 
Sporobolus virginicus, and Strophostyles helvola. .Of these, P. amarum 









































Soil Depth (cm) W ater Table
8. Average root biomass density (n=5) in the dune with percent of maximum 
and percent soil moisture for each depth measured at five depths in 
the dune habitat on December 7, 1981 (+ 1 standard deviation).
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1.5 m, whereas H. bonariensis, I. stolonifera, S. virginicus, and S. 
helvola root in the top 50 cm of the soil profile.
There appear to be two basic rooting patterns similar to those 
outlined by Boorman (1977). Hydrocotyle bonariensis was found to have a 
shallow root distribution with many fine lateral roots from an under­
ground rhizome enabling it to capitalize on frequent summer showers that 
occur in southern Louisiana. Martin and Clements' (1939) investigation 
of the rooting patterns of four California coastal dune plants showed 
that Verbesina encelioides and Solanum douglasi had the ability to grow 
adventitious roots in the upper layers of sand in order to respond 
quickly to surface moisture.
Spartina patens and P. amarum exemplified the other rooting pattern 
with deep-rooting rhizomes able to exploit moisture at deeper levels. 
Solidago sempervirens was found to have a rooting pattern intermediate 
between those of H. bonariensis and S. patens, and a tap root along with 
diffuse, spreading lateral roots. This investigation of root distribu­
tion indicates that the majority of the roots in the dune occur in the 
top 10 cm. A gradual decrease in root density occurred with increasing 
depth (Fig. 8). Roots of all the species were found to penetrate to at 
least the 1-m depth with the exception of H. bonariensis, which had roots 
only in the top 10-15 cm. Various California beach taxa also have roots 
that extend to the 1-ra depth and below (DeJong 1979; Martin and Clements 
1939; Purer 1936). DeJong (1979) suggested that rooting depth may 
account for differences in leaf xylem pressure in the four California 
taxa he studied.
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Seasonal Leaf Xylem Pressure
A paired t test of daily leaf xylem pressure means indicated that 
significant differences occurred during various months between dune and 
swale populations of both H. bonariensis and S. patens (Fig. 9). This 
analysis showed that dune plants of H. bonariensis had significantly more 
negative leaf xylem pressure in the months of July, August, and October 
(Fig. 9). During these months, dune soil moisture was 2.5% or less 
compared to 5.0% to 27.0% measured in the swale (Fig. 7). On nearly 
every sampling date, the swale H. bonariensis had the highest predawn 
leaf xylem pressure of all species studied (Fig. 10). The most stressed 
day for H. bonariensis was in January with leaf xylem pressure measuring 
approximately -7.5 bars and -10.5 bars for both dune and swale habitats 
at predawn and midday respectively.
Significant differences between dune and swale mean daily leaf xylem 
pressures for S. patens were measured in August, October, and November 
(Fig. 9). The remaining months indicated a close similarity in pattern 
between dune and swale plants. Leaf xylem pressures began diverging in 
July, but were not statistically different until August. Dune plants 
recovered in September, possibly because soil moisture (Fig. 7) increased 
to the extent that leaf xylem pressure measured higher than in the swale 
S. patens. The summer divergence that occurred between dune and swale 
populations can be attributed to a drop in dune soil moisture (Fig. 7).
As noted by Silander and Antonovics (1979), this difference in leaf xylem 
pressures reflects an ecotypic response to the stressful low moisture
t
conditions of the dune habitat. Of the 32 unique genotypes they identi­
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Mean daily leaf xylem pressure at different times for the 
12 month study period April 1980 to March 1981. Each point 
represents the mean of between 15 and 18 measurements 
depending on the day length (+ 1 standard error), where 
H.b. = Hydrocotyle bonariensis, P.a. = Panicum amarum,
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Mean predawn leaf xylem pressure (n=3) at different times 
for the 12 month study period April 1980 to March 1981,
(+ 1 standard error).
beach, a drought stress experiment indicated that the dune clones had the 
best survival.
Dune S. patens had the most negative midday leaf xylem pressure of 
all species, -32.0 bars measured in July and August (Fig. 11), a time of 
low soil moisture. The swale population, in contrast, had the most 
negative predawn leaf xylem pressures of all species in June and October 
(Fig. 10). Although the swale soil moisture dropped noticeably, it was
i
still greater than 10% on both dates.
It has been shown that in California beach soil, high conductivities 
affect plant water relations (DeJong 1979). However, the relative 
amounts of salt measured in this study were very low since all soil 
conductivities measured were less than 0.5 ppt salinity. The relatively 
low conductivities shown in Table 2 reflect the high rainfall (Fig. 3) 
and reduced seawater salinities found along the Louisiana coast, which 
range between 10 and 25 ppt in Barataria Bay behind the study site 
(Murray 1976).
Consequently, compared to the dune, the higher swale conductivities 
produced only a slight increase in soil osmotic potential (i.e., less 
than -0.02 bars) and would have only a slight effect on plant water 
relations. This is very different from the osmotic potentials reported 
by DeJong (1979) for California beach sand. The values he reported 
ranged from -2 to -44 bars in the top 30 cm of sand when compared to 
seawater, which has an osmotic potential of approximately -25 bars 
(Scholander et al. 1965). However, this salinity was found to be highly 
variable and not continuously saline.
The daily mean leaf xylem pressure measured for P. amarum in July 
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Figure 11. Mean midday leaf xylem pressure (n=3) at different times 
for the 12 mouths study period April 1980 to March 1981,
(+ 1 standard error), where H.b. = Hydrocotyle bonariensis 
P.a. - Panicum amarum, S.s. = Solidago sempervirens, and 
S.p. = Spartina patens.
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Generally, P. amarum showed higher leaf xylem pressure than S. patens, 
the other dune grass, on every sampling date. This indicates that P. 
amarum is better able to control its water balance in the dune environ­
ment, perhaps because of good stomatal control and a more efficient root 
system (Ritchie and Hinckley 1975).
Although both P. amarum and S. patens are grasses, only S. patens 
displays the ability to withstand lower leaf xylem pressures (Fig, 11) 
that has been attributed to many plants (Ludlow 1976). The response 
of P. amarum to water stress is to avoid lower leaf xylem pressures 
through drought-avoidance mechanisms not inherent in S. patens. Although 
grasses generally are more drought tolerant than herbaceous species, 
overlap is common, and distinctions are not always clear. Leaf xylem 
pressure values have been found to be related more to the environment to 
which the plants have adapted than to the plants being or (Ludlow 
1976).
Daily mean leaf xylem pressure values for S. sempervirens consis­
tently fell between S. patens and P. amarum on every sampling date 
(Fig. 9). The diurnal and midday means of S. sempervirens and P. amarum 
apparently follow similar seasonal patterns, and the lowest leaf xylem 
pressures were measured in July. The low predawn value of S. sempervirens 
r.ecorded in January (Fig. 10) may have been due to the senescent nature 
of the plants at this time of year and the lower air and soil tempera­
tures.
The highest predawn leaf xylem pressure values for all species were 
measured in April and May, indicating adequate soil moisture availability 
(Figs. 7, 10). A drop in soil moisture in June coincided with a lowering 
of both predawn and midday values for all species (Figs. 10, 11). It
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should be noted that although the swale soil moisture dropped in June, 
that of the dune showed an increase (Fig. 7). This was probably due to 
recent rains, which increased the dune surface soil moisture, but did not 
have a similar effect in the swale, which was very moist during the 
previous sampling in May (Figs. 3, 7).
Predawn leaf xylem pressures were higher than -15 bars for all 
species except for S. patens, which measured less than -15 bars twice in 
the swale and once on the dune (Fig. 10). Hydrocotyle bonariensis 
exhibited the highest leaf xylem pressures, followed by P. amarum and S. 
sempervirens (Fig. 9). The leaf xylem pressures measured in this study 
are consistent with measurements reported for other dune plants from very 
different environments in California (DeJong 1979; Pavlik 1980; Roy and 
Mooney 1982). DeJong (1979) reported mean dawn leaf xylem pressures 
lower than -15 bars only four times during the entire year for four 
coastal beach species. Pavlik (1980) reported four desert dune plants to 
have predawn leaf xylem pressures -10 bars or higher throughout the 
entire growing season. Roy and Mooney's (1982) investigation of 
Heliotropium curassavicum on coastal dunes and on the floor of Death 
Valley revealed dawn leaf xylem pressures to be higher than -10 bars 
throughout the summer in both locations. They concluded that very low 
water potentials were avoided by a low plant resistance to water flow, 
which allowed high transpiration rates to occur.
Seasonal Leaf Conductance
All species studied declined in mean diurnal leaf conductance 
beginning in May and continuing through August (Fig. 12). In September
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all species recovered because of abundant rainfall prior to sampling 
(Fig. 3).
A paired t test of the diurnal means of leaf conductance indicated 
that dune and swale conductance values for H. bonariensis were signifi­
cantly different in April, August, and February (Fig. 12). Between June 
and October the leaf conductance of dune H. bonariensis appeared to be 
lower than that of the swale. Of all the species studied, dune H. 
bonariensis exhibited the lowest conductances, particularly in the driest 
months of the summer and fall.
As an indication of stomatal closure during the sample year, the 
differences between midday leaf conductance (12-1 PM) values and late 
afternoon (3-4 PM) leaf conductance values were calculated (Fig. 13). 
Negative values indicate higher late afternoon leaf conductance; positive 
values signify higher midday values; and zero indicates no change between 
midday and late afternoon. Of all the plant populations studied, the
i
swale H. bonariensis had higher midday than late afternoon leaf conduc­
tance on nine sampling days throughout the one-year period (Fig. 13). On 
two occasions in April and August, late afternoon leaf conductance was 
distinctly higher than the midday measurement.
The dune population of H, bonariensis showed lower midday than late 
afternoon values of leaf conductance on six occasions throughout the year 
(Fig. 13). During the drier months of July, August, and October (Fig. 3) 
midday stomatal closure was observed, along with relatively low leaf 
xylem pressure values between -10 and -11 bars (Fig. 11). This is 
typical of plants from moist habitats, according to Bannister (1976), and 
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Figure 12. Mean diurnal leaf conductance (cm s *) at different times 
for the 12 month study period April 1980 to March 1981. 
Each point represents the mean of between 15 and 18 
measurements depending on the day length (± 1 standard 
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Figure 13. Difference in leaf conductance (cm s *) between midday (12-1 PM) and late
afternoon (3-4 PM) for each sampling day of the 12 month study period April 1980 
to March 1981. Due to a midday rain shower during the June sampling mid-morning 
leaf conductance was substituted for the midday reading.
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vulgaris' midday stomatal closure coincides with a midday reduction in 
turgor.
The midday stomatal response observed for the dune H. bonariensis 
may have been partially attributable to the relative humidity being lower 
than on the other sampling dates. Low humidity triggers stomatal closure 
in many species (Kramer 1983). For example, in July the afternoon 
relative humidity was approximately 60% and in October 45%. This lower 
relative humidity in combination with the low dune soil moisture may have 
triggered partial stomatal closure, a mechanism for preventing plant 
water loss that has been observed in many plants (Schulze and Hall 1982). 
Significantly, during the warmest months, June through September, only 
small changes were observed because of the generally lower leaf conduc­
tance and stomatal closure. The fact that the shallow-rooting H. 
bonariensis can exist in the drier top 15 cm of dune sand (Fig. 7) may be 
due to water storage in its underground rhizome, which roots at the nodes 
approximately every 10 cm (personal observation).
Measurements of S. patens leaf conductance revealed similar values 
in the two habitats (Figs. 12, 13). Conductance in the swale may be 
slightly lower than in the dune population. Dune S. patens exhibited 
a steady decline in leaf conductance throughout the summer months and an 
increase during the winter.
A comparison of mean midday leaf conductances of S. patens from 
12:00-1:00 p.m. and 3:00-4:00 p.m. shows that late afternoon values were 
higher in April and May than the 12:00-1:00 p.m. values (Fig. 13). This 
indicates that stomata opened late in the day compared to the remainder 
of the year when little difference was observed between times of day or 
habitat. The low conductances measured during the summer months are a
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result of adaptive changes as water and environmental stress become more 
severe. This stomatal response is most likely triggered by a lowering of 
leaf xylem pressure to a critical level, as well as changing atmospheric 
conditions of higher temperature and lower relative humidity (Schulze and 
Hall 1982; Kramer 1983).
Panicum amarum appeared to have higher leaf conductance in April and 
May, which declined in warmer, drier summer months (Fig. 12). A recovery 
to spring values was observed in September, and consistently low leaf 
conductance values were measured for the remainder of the study with the 
exception of February. As a type grass, P. amarum may be able to 
maintain a high level of photosynthesis without a concomitant increase in 
water uptake (Black 1971). A comparison of midday and 3:00-4:00 p.m. 
values shows that, except for the spring months, leaf conductance is 
generally lower later in the afternoon, indicating stomatal closure 
(Fig. 13).
Solidago sempervirens in the swale had high mean diurnal leaf 
conductance in the warmer summer months and a distinct decline in the 
fall (Fig. 12). This autumn decline in transpiration may have been due 
to the onset of anthesis, followed by senescence, as reported by Krizek 
and Milthorpe (1973) for cocklebur (Xanthium sp.). In 1976, Sionit and 
Kramer reported that transpiration rates dropped considerably during 
flowering in sunflower plants that were stressed prior to the initiation 
of anthesis. This could explain the decrease in leaf conductance for S. 
sempervirens, which experienced repeated stressful conditions throughout 
the summer months (Fig. 12).
Late afternoon leaf conductance was observed to be the same as or 
higher than midday conductance on most sampling dates for S. sempervirens
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except for January and February (Fig. 13). This late afternoon increase 
in conductance indicates that, similar to H. bonariensis, S. sempervirens 
exhibited partial stomatal closure at midday. However, the generally 
high leaf conductances measured for S. sempervirens (i.e., between 0.2 
and 0.7 cm s 1; Fig. 12) are consistent with the high transpiration rates 
reported for early successional plants, which may serve to prevent dele- 
teriously high leaf temperatures (Bazzaz 1979).
The highest mean diurnal conductance measured was 0.78 cm s * for 
dune S. patens; all other species had mean diurnal values between 0.10 
and 0.50 cm s * (Fig. 12). Leaf conductance measurements of coastal dune 
plants are rare; however, Roy and Mooney's (1982) field measurements of - 
Heliotropium curassavicum were two to three times higher than those found 
in this study. They reported values between 3.5 cm s * and 0.5 cm s * at 
a coastal dune site. A laboratory study of desert dune plants (Pavlik 
1980) found maximum conductances of 0.76 cm s * for Swallina alexandrae 
and 1.7 cm s * for Oenotherea avita ssp. eurekensis.
Diurnal Patterns of Plant Water Relations
Three days representative of different air temperatures, soil mois­
tures, and phenology (see Appendix A for remaining nine diurnal studies) 
were chosen for comparison of diurnal patterns of water relations (Figs. 14,
15, 16). Each day was sunny and had photosynthetically active radiation
-2 -1between 1600 and 2100 microeinstiens m s at noon and maximum air 
temperatures ranging between 24° and 37°C (Fig. 17).
On April 10, 1980, surface soil moisture was adequate, 2.9% in the 
dune and 27.6% in the swale (Fig. 7), and air tempferatures mild with a 
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Figure 15. Diurnal leaf xylem pressure (bars) and leaf conductance (cm s )̂ of Hydrocotyle
bonariensis dune and swale populations for April 10, July 15, and September 20, 1980. 
For leaf xylem pressure (closed circle) and leaf conductance (closed triangle), each 
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bars for dune and swale H. bonariensis, respectively, and the midday 
minimum declined to approximately -12.0 bars for both (Fig. 15). Leaf 
conductance for H. bonariensis reached a maximum of 0.54 cm s 1 for the 
swale and 0.75 cm s  ̂for the dune populations. The dune plants of H. 
bonariensis exhibited stomatal closure at midday and recovered in late 
afternoon.
The predawn leaf xylem pressures for S. patens on April 10, 1980, 
were -2.5 and -1.5 bars for dune and swale populations and were less than 
-23.5 bars at midday for both (Fig. 14). Because of extremely narrow 
leaf width of the swale S. patens, only the dune population of S. patens 
was measured for leaf conductance. This population showed a steady 
increase to a maximum of 1.4 cm s * in the late afternoon.
Both S. sempervirens and P. amarum in April had predawn measurements 
of -1.0 bar and midday values of -12.0 and -15.0 bars, respectively. 
Solidago sempervirens and P. amarum had maximum late afternoon leaf 
conductance values of 0.48 and 0.44 cm s \  respectively.
On July 15, 1980, during a summer drought period (Fig. 3), soil 
moisture was 1.3% for the dune and 5.3% in the swale (Fig. 7). Air 
temperature was 37°C at midday (Fig. 17),' the highest recorded during the 
one-year study period. Predawn values of leaf xylem pressure for H. 
bonariensis measured -2.0 and -1.0 bars for the dune and swale popula­
tions (Fig. 15). The midday minimum was -10.5 bars for the dune popula­
tion, whereas the swale minimum of -8.0 bars occurred at 9:00 a.m. With 
the exception of sempervirens (Fig. 16), the maximum values of leaf 
conductance for all species were lower in July than in April. The 
maximum conductance for both populations of bonariensis occurred at 
9:00 a.m. and measured 0.12 cm s * for the dune and 0.24 cm s * for the
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swale (Fig. 15). The dune population, appeared to exhibit stomatal 
closure, which may have occurred as a response to desiccation resulting 
from lower relative humidity (i.e., increased vapor pressure deficit) on 
this date (Fig. 17) (Bannister 1976).
The July predawn and midday leaf xylem pressure values for S. patens 
measured -7.0 and -32.0 bars for the dune, and -6.0 and -25.5 bars for 
the swale (Fig. 14), which were lower than the April values (Fig. 14).
Leaf conductance for S. patens was only measurable for the dune popula­
tion because of the diminutive leaf size in the swale. Little variation 
in leaf conductance was observed throughout the day; the maximum of 0.20 
cm s * occurred at 3:00 p.m.
In July, S. sempervirens and P. amarum had predawn leaf xylem 
pressure values of -6.0 and -1.0 bars, respectively. Minimum leaf xylem 
pressure was -20.5 bars at midday for S. sempervirens and -17.5 bars for 
P. amarum at 3:00 p.m. Due to a longer photoperiod in July (Fig. 17), 
late afternoon recovery of leaf xylem pressure was delayed by several 
hours for all species compared to April.
Like S. patens, P. amarum showed little variation in the diurnal 
pattern of leaf conductance in July (Fig. 16). Panicum amarum reached a 
maximum of 0.12 cm s * at noon followed by a gradual decline to stomatal 
closure by 8:00 p.m. In contrast, S. sempervirens had the highest leaf 
conductance of all species on this date, 0.60 cm s * at 3:00 p.m. (Fig. 16). 
Partial stomatal closure was evident at noon followed by increasing leaf 
conductance throughout the afternoon and stomatal closure by 8:00 p.m.
This increase in conductance may have been due to the simultaneous 
afternoon recovery of leaf xylem pressure.
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On September 20, 1980, after the summer drought, surface soil 
moisture was 5.0% for the dune and 25.0% in the swale (Fig. 7), and air 
temperature varied between 28°C and 30°C (Fig. 17). Leaf xylem pressure 
values for H. bonariensis were similar for both dune and swale habitats. 
Predawn maximum and midday minimum values were -2.5 and -7.0 bars for the 
dune, whereas the swale measured -1.7 and -7.5 bars (Fig. 16). However, 
recovery for the dune plants lagged slightly behind the swale plants:
-4.0 bars in the dune and -2.0 in the swale at 7:00 p.m. Leaf conduc­
tance for both populations of H. bonariensis was intermediate between the 
values reported for April and July. The maximum values of 0.38 cm s  ̂
for the dune and 0.40 cm s * for the swale populations of H. bonariensis 
both occurred at 9:00 a.m. The diurnal pattern was similar for both 
populations with stomatal closure occurring by 7:00 p.m.
The September predawn and midday values of leaf xylem pressure for 
S. patens were similar to the July measurements for both populations.
The minimum value for the dune plants was -25.0 bars at noon compared to 
-32.0 bars in July (Fig. 16). The swale S. patens reached a minimum 
value of -26.5 bars in the late afternoon (Fig. 14), which was similar to 
the -25.5 bars minimum recorded in July. Leaf conductance for S. patens 
was intermediate between the values reported for April and July. The 
dune population peaked at noon at a maximum value of 0.38 cm s 
Conductance for the swale population of S. patens was not measured due to 
the curled, narrow shape of the leaves.
September predawn values of leaf xylem pressure were -2.5 bars for 
P. amarum and -5.5 bars for S. sempervirens (Fig. 16). The minimum 
values for both occurred at midafternoon and were -17,5 bars for P. 
amarum and -20.5 bars for S. sempervirens, approximately 5.0 bars higher
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than those measured in July (Fig. 15). Leaf conductance values for P. 
amarum reached a midmorning maximum of 0.43 cm s * followed by a gradual 
decline until 5:00 p.m., when a peak of 0.44 cm s  ̂was measured. The 
diurnal pattern for this day was similar to that observed in April, but 
differed from that in July when conductance was low throughout the entire 
day.
In September, however, S. sempervirens showed an early morning 
maximum conductance that may have been caused by dew formation on the 
leaves affecting the leaf porometer measurements. A gradual decline in 
conductance throughout the day was followed by stomatal closure at 7:00 
p.m. The leaf conductance pattern for this day was similar to that 
observed in both April and July. Solidago sempervirens had the highest 
diurnal conductances in July, when the other species displayed reduced 
leaf conductance.
Three diurnal patterns of leaf conductance were discernable due to 
seasonal changes in moisture availability and water stress. First, 
conductance in April showed a continual increase from early morning to 
late afternoon before stomatal closure at dark. This was followed by a 
distinctly flattened diurnal curve in July, indicating that stomata 
remained relatively closed throughout the day, with the exceptions of H. 
bonariensis and S. sempervirens in the swale. Finally, in September, 
leaf conductance was greatest in the morning and decreased throughout the 
day. Patterns of leaf conductance similar to those described in this 
study were reported by Ehleringer and Miller (1975) for five alpine 
tundra species in Colorado, which were studied in both wet and dry 
habitats. They related the daily pattern of leaf resistance to changes 
in leaf xylem pressure as a reflection of the seasonal changes in soil
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moisture and soil water potential. The species better adapted to the 
more xeric sites experienced recovery of leaf xylem pressure in the 
afternoon, whereas those species at the xeric end of their distribution 
had a continual decrease in leaf xylem pressure throughout the day, along 
with higher leaf resistances (Ehleringer and Miller 1975).
Seasonal patterns for diurnal leaf xylem pressure were less evident. 
In most cases, however, the diurnal curves were more negative during the 
summer drought in July. However, all species exhibited the ability for 
late afternoon recovery approaching the predawn values.
The characteristic patterns of seasonal and diurnal leaf xylem 
pressure and leaf conductance suggest that certain species are more 
drought tolerant, whereas others are more successful in avoidance of 
drought stress. Therefore, these six plant populations can be classified 
according to the tolerance-avoidance concept described by Levitt (1972). 
Drought-tolerant plants are those able to endure drought by accumulating 
sufficient solutes in their protoplasm to produce lower osmotic potential 
than that of their surrounding environment without actually conserving 
water. Drought avoidance, on the other band, involves the plant's 
ability to resist drought by water conservation, thereby maintaining a 
high internal water potential when exposed to an external water stress. 
This is most often accomplished by anatomical and physiological adapta­
tions that reduce transpiration, such as decreased leaf area and stomatal 
closure or extensive root systems that enable the plant to continue 
extracting water from a large soil volume. Characteristics of both types 
are often found in drought-tolerant plants.
Hydrocotyle bonariensis in both habitats displayed drought-avoidance 
characteristics. Throughout the growing season, both populations had
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consistently high mean leaf xylem pressures compared to the other species. 
This can be explained by three factors that enable H. bonariensis to 
resist low soil moisture availability: (1) stomatal control, which
enables it to reduce transpiration; (2) extensive shallow root systems, 
which allow the capture of precipitation from frequent summer showers; 
and (3) succulent leaves, stems, and rhizomes, which permit water con­
servation and the subsequent avoidance of extremely negative water 
potentials.
In contrast, S. patens had both drought-tolerance and drought- 
avoidance qualities, as described by Levitt (1972). Plants from both 
habitats consistently had the lowest mean leaf xylem pressure during 
times of drought. However, relatively low leaf conductance values for 
dune plants were recorded simultaneously, indicating a decrease in 
transpiration. Although environmental conditions are demanding, S. 
patens is a dominant dune grass in Louisiana. The root system of S. 
patens penetrates to at least the 1 m depth, which could allow sufficient 
water absorption, depending on soil moisture distribution and proximity 
of the water table. Given the low dune elevations along the Louisiana 
Gulf coast, the water table is almost always within 2 m of the surface 
(Mendelssohn et al. 1984).
Panicum amarum, another dominant dune grass found along the Louisiana 
coastline, exhibited a pattern of drought avoidance similar to that of H. 
bonariensis. Next to H. bonariensis, P. amarum had the highest leaf 
xylem pressures measured for May, July, and September. Additionally, 
leaf conductance was reduced in July, indicating stomatal closure. In 
conjunction with a rhizomatous root system, which penetrates to at least
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the 1-m depth, P. amarum was successful in avoiding drought stress in the 
dune environment.
Solidago sempervirens showed a mixed response of drought avoidance 
and drought tolerance. Although S. sempervirens occurs in the moist 
swale habitat, it developed more negative leaf xylem pressures than both 
P. amarum and H. bonariensis on the dune. Also, leaf conductance mea­
surements indicated that stomatal closure rarely occurred. While diurnal 
conductance measurements for July suggest midday stomatal closure, the 
maximum conductance measured surpasses that recorded in April and 
September when soil moisture was higher.
In contrast, Potvin and Werner (1983) found stomatal closure to 
occur between -16 and -20 bars of leaf xylem pressure in Solidago .juncea 
and canadensis. Solidago sempervirens appears to be the most meso- 
phytic of all the species in this study, occurring mainly in the swale 
and only occasionally on the dune. Because stomatal closure was never 
clearly evident for S. sempervirens, it may not have been severely 
stressed because of the moist conditions found in the swale.
Potvin and Werner (1984) subjected Solidago juncea and S. canadensis 
to varying degrees of soil moisture and found that these plants were both 
able to acclimate to low soil moisture and that neither species showed 
significant differences in leaf water potential or stomatal conductance. 
Solidago sempervirens likewise may be able to adjust to the differing 
ranges of soil water availability encountered in the field. In addition, 
Potvin and Werner (1984) proposed that stomatal conductance and leaf 
water potential may not respond to varying soil moisture levels as might 
be expected.
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Summary and Conclusions 
The aim of this field investigation was to describe and characterize 
the seasonal and diurnal water relations of four important dune and swale 
species. Spartina patens, Panicum amarum, and Hydrocotyle bonariensis 
were studied on the dune, and S. patens, H. bonariensis, and Solidago 
sempervirens were studied in the swale. Edaphic and climatic factors 
play a major role in defining the responses of the plants studied. The 
dune and swale soils are composed mainly of fine sand that has a low 
water holding capacity, i.e. most available water is released by -1.0 
bars of pressure. Dune soil moisture averaged 3%-4% while the swale was 
considerably wetter, having approximately 17% soil moisture. At all 
times, the water table depth was greater than 135 cm in the dune; it 
varied seasonally in the swale between 63 and 17 cm from the surface. 
Rainfall was abundant throughout the study period; actual drought occurred 
once in August 1981.
Soil electrical conductivity was low but highly variable, depending 
on the season and the leaching of salts due to precipitation. Conductivity 
was typically higher in the swale than in the dune habitat. Similar 
results have been reported for other coastal dunes by several authors.
Precipitation was the main source of soil moisture. Other in­
vestigations found internal dew formation in the soil column and the 
upward movement of water vapor from the water table to be more important. 
Frequent summer showers apparently provide sufficient moisture for plant 
survival in coastal Louisiana.
In the dune most roots are concentrated in the top 20 cm of the soil 
profile. Three separate rooting patterns were found to occur. Hydrocotyle 
bonariensis has a shallow rhizome system with many fine lateral roots
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approximately 10-15 cm deep, whereas S. patens and P. amarum have deep 
roots with rhizomes penetrating to approximately the 1-m depth. Solidago 
sempervirens was found to have a tap root with diffuse lateral roots in 
the top 1 m of the dune profile. In the swale, all roots were concen­
trated in the top 20-30 cm of the soil profile above the shallow water 
table.
Seasonal patterns of leaf xylem pressure followed available soil 
moisture. Compared to the swale, lower leaf xylem pressures were measured 
for the dune populations of S. patens and H. bonariensis when surface 
soil moisture dropped below 2.5%. Panicura amarum on the dune had higher 
leaf xylem pressures than S. sempervirens in the moist swale. Predawn 
values of leaf xylem pressure were higher than -15 bars for all species 
except S. patens. Hydrocotyle bonariensis had the highest predawn and 
midday values of all the species, and S. patens had the lowest.
Leaf conductance generally showed a decline beginning in the spring 
and continuing through late summer. Hydrocotyle bonariensis dune plants 
displayed stomatal closure during the summer months and midday closure of 
stomata in the dry months of July and October. Midday stomatal closure 
also occurred in the spring and early summer in S. patens dune plants.
A comparison of three diurnal patterns of leaf conductance from 
April, July, and September show that three responses emerged. In the 
spring, conductance tended to increase from early morning to late after­
noon, whereas in midsummer a flattened response was recorded, indicating 
reduced transpiration and partial stomatal closure. After the summer 
drought, leaf conductance in September was greatest in the morning and 
decreased throughout the day.
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According to Levitt’s (1972) tolerance-avoidance classification of 
plants with respect to drought stress, H. bonariensis displayed the 
drought avoidance adaptations of stomatal closure, a shallow root system, 
and succulence. In contrast, the dune and swale populations of S. patens 
had drought-tolerant characteristics of low leaf xylem pressure. Spartina 
patens dune plants also had drought-avoidance characteristics of low leaf 
conductance during times of low soil moisture availability and roots that 
penetrated to a depth of 1 m, thereby allowing extraction of water from a 
greater soil volume.
Panicum amarum in the dune showed drought avoidance responses of low 
leaf conductance and high leaf xylem pressures in conjunction with a 
deep-rooting rhizome. In the swale, S. sempervirens exhibited a mixed 
response of avoidance and tolerance. Leaf conductance for S_̂  sempervirens 
was high on all three days, and leaf xylem pressure was more negative 
than in dune populations of P. amarum and H. bonariensis. Due to abun­
dant moisture in the swale, it is possible that S. sempervirens was not 
subjected to conditions that would have caused stomatal closure (i.e., an 
avoidance response).
CHAPTER 2
WATER RELATIONS AND GROWTH 
UNDER GREENHOUSE CONDITIONS
Introduction
In the field investigation described in Chapter 1, precipitation was 
found to be the main source of water to dune vegetation in Louisiana. 
Although the dune environment is not as water deficient as other studies 
have shown it to be (DeJong 1979; Oosting 1954; Ranwell 1972), the 
unconsolidated nature of the sand does not allow it to retain abundant 
moisture. Thus dune plants in Louisiana are potentially subject to water 
stress, and the distribution of dune and swale vegetation is partly a 
response to soil moisture gradients. However, because of abundant 
rainfall, drought was measured for only a short summer period during the 
one-year field investigation. Consequently, dune vegetation in Louisiana 
appeared to be rarely stressed.
Relatively few studies have dealt with the water relations of native 
dune and swale vegetation, even though this subject has been well explored 
for crop plants (review by Teare and Peet 1983). However, interest in 
the factors affecting coastal plant distribution began early in this 
century. In 1908, Harshberger stated that low moisture availability was 
a major factor influencing vegetation patterns in the strand habitat. 
Later, Oosting and Billings (1942) performed experiments to investigate 
the factors affecting the zonation on coastal dunes.
Kearney (1904) and Olsson-Seffer (1909a,b) classified dune and beach 
vegetation according to their xerophytic and halophytic characteristics.
67
68
Subsequent studies have found that plants with xeromorphic characteris­
tics predominate (Martin and Clements 1939; Purer 1936; Oosting 1954). 
Recent investigations have shown that certain dune species have features 
associated with drought adaptation (Ashenden 1978; Ashenden et al. 1975; 
DeJong 1979; Pavlik 1980; Roy and Mooney 1982; Willis and Jeffries 1963). 
Some common adaptations to low moisture availability include extensive 
root development, midday stomatal closure, lowered transpiration rates, 
high water use efficiencies, leaf rolling, osmotic adjustment, and 
succulence (Kramer 1983). Xerophytic characteristics are those that 
minimize water loss in time of drought (Maximov 1931).
As noted by Kramer (1983), water is ecologically important because 
it is essential to plant growth and physiological processes. Water 
stress occurs when the root absorption of water is. less than that lost in 
transpiration, which is manifested by a decrease in growth and total 
water potential, as well as a loss of turgor and stomatal closure. The 
strongly contrasting differences in soil moisture availability documented 
for dune and swale habitats in Chapter 1 may therefore play an important 
role in controlling plant distribution.
This study used greenhouse water availability experiments to deter­
mine the differential ability of the dominant dune and swale plants to 
tolerate levels of water stress and to compare plants occurring in both 
habitats for drought tolerance. This was accomplished by subjecting 
plants to varying degress of water stress in order to assess leaf xylem 
pressure, leaf conductance, leaf elongation, and root biomass responses 
to water deficits and inundation. In this way, the drought tolerance and 
avoidance adaptations (Levitt 1972) suggested by field data in Chapter 1




The experiment was conducted in a greenhouse at Louisiana State 
University where photosynthetically active radiation (40Q-7Q0nm) was 60% 
to 90% full sunlight, and temperatures ranged from a minimum of 13°C to a 
maximum of 33°C (Fig. 18). Plants were collected along the Louisiana 
coast on the Cheniere Caminada barrier beach, located at latitude 29° 11' 
00", longitude 90° 03' 40". The four species collected were Spartina 
patens (marshhay cordgrass), Panicum amarum (bitter panicura), Solidago 
sempervirens (seaside goldenrod), and Hydrocotyle bonariensis (salt 
pennywort). All were previously studied in the field and are described 
in Chapter 1. Plants were grown for approximately 40 days prior to the 
start of the study. Spartina patens was collected in both dune and swale 
habitats. Panicum amarum was collected from the dune, and S. 
sempervirens and H. bonariensis were collected from the swale habitat.
The experiments were conducted between October and December 1980, 
except for those concerning H. bonariensis, which were in March and April 
1981. Each species was grown in 4-liter plastic pots, 19.3 cm in diameter. 
All plants were grown in 18 pots, except for H. bonariensis plants, which 
were grown in 12 pots. All plants were grown in dune sand obtained from 
the Cheniere Caminada barrier beach. This sand has a fine texture, 
little or no silt or clay, and low salinity and nutrients (Mendelssohn et 
al. 1983). Each pot was fitted with a drain at the base consisting of a 
rubber stopper through which a glass tube was inserted. The drain could 
be opened or closed, depending on the treatment, by removing a rubber cap 
inserted over the glass tube.
As the plants were being grown, they were watered every third day 
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Figure 18. Morning and midday environmental data' collected during the greenhouse experiments
(ambient air temperature °C, percent relative humidity and photosynthetically active 
radiation). Each point represents a single measurement for each parameter, for 








15-30-15, until the plant leaves had attained suitable size for measure­
ments of leaf conductances with the autoporometer (4.0-mm minimum width). 
For S. sempervirens, only basal leaf rosettes were collected and grown 
for study, which eliminated the flowering stage.
The following three watering treatments were applied to each species 
(1) inundated so that approximately 2 cm of water was maintained above 
the sand surface at all times, (2) watered every third day to saturation, 
and (3) watered to saturation once, at the outset of each drying or 
stress cycle. Except for H. bonariensis, which had four pots per treat­
ment, each species contained six pots per treatment. Three pots were 
used for measuring water relations parameters, while the remainder were 
used for growth measurements and final above- and belowground biomass 
determinations.
At the outset of the experiment, both the medium watered and the 
drought-stress treatments were watered with 250 ml of 10% Hoagland's 
solution. Additional tap water was added for an approximate total of 850 
ml per pot. Any excess water was captured from the drainage tube and 
re-added at the next watering in order to conserve nutrients. The 
inundated treatments were sealed by plugging the drainage tube, and then 
250 ml of 10% Hoagland's solution was added, along with tap water, to 
approximately 2 cm above the sand surface. At this point a drought- 
stress cycle was initiated, and the drought treatment received no further 
water. The drought plants were rewatered, as at the outset, when mea­
surements indicated that little or no growth was occurring, and predawn 
leaf xylem tension reached a predetermined value of -15 bars or less for 
S. patens, -12 bars or less for P. amarum and S. sempervirens, and -8 
bars or less for H. bonariensis. These values were determined by
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preliminary drought-stress measurements. Two entire cycles of drought 
stress were completed for both S. patens ecotypes and H. bonariensis, and 
three cycles were completed for the other species. At the end of the 
experiment, three undisturbed pots from each treatment were harvested for 
above-and belowground biomass.
During the first drought cycle, predawn leaf xylem pressure and leaf
elongation were measured on alternate days, and during subsequent cycles
«   -----------
measurements were taken daily. Leaf xylem pressure and leaf conductance
were measured at midday once every three days. Predawn and midday leaf
xylem pressures were measured during drought and recovery periods for all
treatments with a pressure chamber (Soil Moisture Equipment Corporation),
using the technique of Scholander et al. (1965). These measurements
occurred at 0600 hours (Central time) (predawn), and between 1300 and
1500 hours (midday). One leaf of S. patens, P. amarum, and S.
sempervirens from each of three pots for each treatment was measured.
For H. bonariensis, one leaf from each of four pots for each treatment
was used. For each measurement, the pressure was increased slowly, and
the endpoint was determined when xylem sap menisci appeared at the end of
the major xylem vessels.
Leaf conductance was calculated from leaf diffusive resistances that
were measured at midday, with a LI-COR autoporometer model LI-65, which
2had an effective aperture of 70 mm (van Bavel et al. 1965; Kanemasu et 
al. 1969). Leaf diffusive resistance was measured by first shading the 
sampled leaf, as well as the sensor cup, before each measurement in order 
to avoid temperature problems. Due to the variability in calibration, a 
weekly calibration of the autoporometer was performed.
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To calibrate the autoporometer under known temperatures, a metal 
calibration plate consisting of a series of known diameter holes over wet 
filter paper was used. Conductance was taken as the reciprocal of 
diffusive resistance. Due to the major concentration of stomata on the 
upper or lower surface of the leaf, adaxial measurements were made for S. 
patens and P. amarum, and abaxial measurements were made for S. 
sempervirens, and H. bonariensis.
Photosynthetically active radiation (4Q0-7Q0nm, PAR) relative 
humidity, and air temperature were measured during each sampling (Fig. 18). 
PAR was measured with a LI-COR light meter, model LI-185A, in conjunction 
with a quantum sensor (LI-190 SB). Relative humidity and dry bulb air 
temperature were measured with a Psychro-Dyne automatic psychrometer.
Percentage soil moisture was measured gravimetrically. Three random 
samples from each treatment were collected at each predawn reading with a 
soil auger. Each soil sample was sealed in a soil can, returned to the
lab, and weighed. The sample was then dried at 105°C for 24 hours and
re-weighed.
Leaf length was measured daily during each drought cycle. Two newly 
emergent terminal leaf blades between 10 and 35 cm long were chosen and
tagged in each of three pots for each treatment of S. patens and P.
amarum. For S. sempervirens two basal leaves between 10 and 35 cm long 
were marked for measurement. Widths of H. bonariensis leaves between 
3 and 5 cm wide were initially measured, but widths measured were sub­
sequently changed to between 1 and 3 cm for the second cycle. When 
leaf lengths exceeded the maximum size, other leaves were chosen and 
tagged for continued measurement to ensure the measurement of maximum 
expansion rates. Leaf elongation rates were taken as the increase in
total length between measurements, divided by the time between measure­
ments .
All plant parameters measured were analyzed as a randomized two-way 
factorial ANOVA (Steel and Torrie 1980) using SAS (Statistical Analysis 
System) software. Duncan's multiple range test was used to test signif­
icant differences between treatments, and LSD (least significant dif­
ference) was used on plots to show at what times treatments were 




Water stress, as measured by leaf xylem pressure, and a decline in 
soil moisture occurred gradually as each drought cycle progressed (Figs. 
19, 20). Each species exhibited a trend of decreased leaf xylem pressure 
in response to a decrease in water availability (Fig. 19, Table 5). This 
drop in leaf xylem pressure with increasing water deficit is typical of 
the responses measured for natural populations (Potvin and Werner 1983; 
DeJong 1979), as well as for field- and laboratory-grown cultivars 
(O'Toole and Cruz 1980; Pallas et al. 1979; Sionit and Kramer 1976;
Thomas et al. 1976).
At the end of each drought cycle, rewatered plants rehydrated 
quickly, reaching leaf xylem pressures similar to those of the unstressed 
treatments. This significant recovery is readily evident for each of the 
species studied (Fig. 19). These findings agree with those from other 
similarly designed drought-stress experiments (Pallas et al. 1979; Boyer 
1971; Stark and Jarrell 1980; Brown et al. 1976). In 1974, Doley and 
Trivett measured alternate drying and rewatering cycles for a dry-site 
Australian grass, Astrebla lappacea, and found that it completely 
recovered from a leaf water potential of -48 bars in approximately 
2 hours.
An increase in the length of time it took to reach the minimum leaf 
xylem pressure was observed. The mean predawn air temperatures and 
relative humidities varied slightly for each drought cycle (Table 6).
The end of each cycle was reflected by a decrease in the growth rate and 
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Figure 19. Predawn mean leaf xylem pressure (n=3) for drought stressed plants (open circles), 
medium plants (closed circles) and flooded plants (open triangles). LSD = Least 
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Figure 20. Percent soil moisture on a dry weight basis (gravimetric) for each day water relations 
parameters were measured during the drought cycle (n=3). Open circles represent the 
drought treatment, closed circles represent the medium treatment. Flooded treatment 
is not shown, but was continually 30% or greater. LSD = Least Significant Difference 
among treatments for each cycle.
Table 5. Highest (maximum) and lowest (minimum) predawn leaf xylem pressure
(bars) means (n=3) and associated mean soil moisture for each
treatment. Treatments are: DRT=drought, MED=medium, FLD=flooded.
Species Maximum Minimum
DRT MED FLD DRT MED FLD
Spartina (dune) -3.0 -3.2 -3.4 -32.6 -8.7 -8.2
% Soil moisture 6.5 21.2 30.0 2.2 20.7 30.0
Spartina (swale) -2.9 -2.8 -3.0 -29.2 -7.8 -7.5
% Soil Moisture 14.7 19.3 30.0 1.7 21.8 30.0
Panicum -1.9 -2.0 -1.8 -18.0 -7.0 -6.6
% Soil Moisture 12.7 15.1 30.0 0.4 20.8 30.0
Solidago -4.8 -4.5 -4.0 -22.6 -9.5 -9.0
% Soil Moisture 21.5 19.4 30.0 0.4 21.5 30.0
Hydrocotyle -1.2 -1.2 -1.0 -8.8 -2.5 -1.2
% Soil Moisture 17.4 12.0 30.0 6.2 12.3 30.0>
Table 6. Mean predawn air temperature °C and percent relative humidity ± 1
S.D. for each drought stress cycle, n = # observations.
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51-day period, both dune and swale S. patens underwent only two drought- 
stress cycles because of the longer time this species took to show stress 
effects. Panicum amarum and S. sempervirens completed three cycles in 
only 42 days. In a separate experiment, H. bonariensis completed two 
stress and recovery cycles in 25 days. Thus, acclimation to drought 
resulted in progressively longer drought-stress cycles for each species 
(Fig. 19). Kramer (1983) has noted that plants acclimate to drought 
stress and survive subsequent low moisture availability better than 
unstressed plants, often by decreasing osmotic potential and increasing 
the ratio of roots to shoot. Other investigators have shown that under 
mild and slowly developed water stress, osmotic adjustment occurs as a 
result of solute accumulation in cells that enables them to maintain 
positive turgor when subjected to a greater subsequent drought (Hsiao 
et al. 1970; Jones and Turner 1978).
Each species exhibited a trend of decreased predawn leaf xylem 
pressure in response to a decrease in water availability (Fig. 19,
Table 5). These data show that significant differences between the 
drought and flooded treatments were consistently measured except for the 
first stress cycles of P. amarum and S. sempervirens. In the last cycles 
of the swale S. patens and S. sempervirens, the three treatments produced 
significantly different predawn leaf xylem pressures (Table 7); flooded 
plants showed the least negative values. None of the flooded species 
showed signs of lowered leaf xylem pressure because of decreased water 
absorption resulting from increased root resistance to flooding (Kramer 
1983). Spartina, in particular, has been well documented for flood 
tolerance because of its stem anatomy, which allows for diffusion of 
oxygen from shoots to roots (Gosselink 1984).




































Panicum - 5 . 1 a -4.3 a -5.5 a - 8.5 a -5.7 a,b -4.2
Cycle 3 
DRT MED FID
n 15 15 15
Solidago - 8.9 a -7.0 a -6.1 a -10.9 a -7.0 b -5.6
n 12 12 12 12 12 12
Hydrocotyle - 3.9 a -2.1 b -1.9 b - 3.5 a -2.2 b -2.1
n 24 24 24 24 24 24
-4.6 a -3.3 b -3.3
66 66 66
-7.6 a -6.9 b -6.2
66 66 66
'Leaf xylem pressures followed by the same letter do not differ at the 0.05 level of probability for 
each species in each cycle as determined by the Duncan's multiple range test. DRT, MED, FLD indicate 
drought, medium watered and flooded treatments respectively; n = # observations.
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The following factors affect the recovery of these plants from water 
deficits incurred during the drought-stress cycle: the rate of transpira­
tion, the rate of water movement through the soil to the roots, and the 
relationships of the leaf water potential to the soil water potential 
(Kramer 1983). Transpiration will be analyzed later in the leaf conduc­
tance section of this study; soil plant interactions were discussed in 
the field study described in Chapter 1. The water conductive properties 
of sandy soil are important because when these soils are unsaturated, as 
in the drought treatment and as often occurs in the field, soil water 
movement is impeded by the characteristically large and continuous pore 
spaces. In sandy soils, these pore spaces empty quickly and do not 
conduct water, thereby reversing the initially high conductivity inherent 
in saturated sandy soils (Hillel 1971). This results in a sudden drop in 
soil matric potential, as demonstrated in Chapter 1, along with a decrease 
in soil water availability.
Spartina patens from both dune and swale populations exhibited the 
most negative midday leaf xylem pressure values of all the species for 
the drought treatment (Table 8). A comparison of these populations shows 
a tendency to respond differently to flooding and low soil moisture 
availability at midday. In the second stress cycle, both the medium and 
the flooded treatments of the swale S. patens were significantly less 
negative than the drought treatment. This is in contrast to the dune S. 
patens, which had more negative drought and flooded mean leaf xylem 
pressures than the medium treatment, which indicates that the swale S. 
patens may be more tolerant of moist and flooded conditions than the dune 
population. In addition, by the end of the second stress cycle, the 
drought-stressed dune plants displayed less negative leaf xylem pressure
Table 8. Mean midday leaf xylem pressure (bars)* for each stress cycle and treatment.
Cycle 1 Cycle 2 Cycle 3
Species DRT MED FLD DRT MED FLD DRT MED FLD
Spartina -13.6 a -13.2 a -15.1 a -17.5 a -15.3 b -16.3 a,b
(dune)
n 9 9 9 24 24 24
Spartina -12.6 a,b -12.8 a -10.9 b -16.6 a -14.0 b -13.7 b
(swale)
n 12 12 ■ 12 24 24 24
Panicum - 8.7 a - 9.4 a - 8.2 a - 9.8 a - 9.1 a - 8.8 a
n 12 12 12 24 24 24
Solidago -10.4 a -10.9 a - 9.7 a -13.0 a -12.4 a,b -11.7 b
n 12 12 12 24 24 24
Hydrocotyle - 9.8 a - 6.8 b - 6.2 b -13.2 a - 6.3 b - 5.8 b 
n 12 12 12 16 16 16
*Leaf xylem pressures followed by the same letter do not differ at the 0.05 level of probability for each 
species in each cycle as determined by the Duncan's multiple range test. DRT, MED, FLD indicate 
drought, medium watered and flooded treatments respectively; n = # observations.
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than the swale, perhaps due to a greater ability to acclimate to low 
moisture conditions (Fig. 19).
This differential response of the dune populations to flooding and 
drought is consistent with the work of Silander and Antonovics (1979) 
concerning the broad range of coastal habitats where S. patens is suc­
cessful. They attribute S. paten's adaptability to divergent environ­
ments (i.e., dune, swale, and marsh) to a flexible breeding system and 
genetic variability. Silander and Antonovics (1979) found that dune 
populations survived drought better than swale and marsh populations. 
Similarly, Ashenden (1978) reported dry site populations of another dune 
grass, Dactylis glomerata L. (cocksfoot), to be better adapted to con­
tinued growth in a water-deficient environment than were populations from 
wetter environments. Drought-stressed dune populations of D. glomerata 
L. had higher relative water content and lower transpiration rates than 
populations from wet areas. Thus, Ashenden found the dune plants more 
efficient use of water to be associated with higher rates of photo­
synthesis when water was withheld.
Compared to the other species, H. bonariensis exhibited the earliest 
decline in predawn leaf xylem pressure at approximately 6 days into the 
first cycle and 9 days into the second (Fig. 19). The least negative 
predawn minimum and maximum values of -1.2 and -8.8 bars for all species 
were measured for H. bonariensis (Table 5). The most negative predawn 
value was 6.2% soil moisture, compared to soil moisture values of 2% or 
less for all other species (Table 5). Hydrocotyle bonariensis showed 
minimum predawn values for the medium and flooded treatments similar to 
those of the other species, (Table 5), and overall means for both stress
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cycles showed no differences (Table 7). In the second cycle, drought- 
stress plants exhibited increased acclimation to low soil moisture 
(Fig. 20) due to the longer time taken to reach the minimum leaf xylem 
pressure (Fig. 19).
The mean predawn leaf xylem pressure for S, sempervirens was sig­
nificantly different in all three treatments for stress cycles 2 and 3 
(Table 7). The drought treatment showed the most negative values, fol­
lowed by the medium-watered and flooded treatments. Solidago 
sempervirens exhibited the most negative predawn leaf xylem pressure 
maximum of all species with a one-day mean of -4.8 bars for the drought 
treatment (Table 5). Also, at midday, significant differences were 
measured between the drought and flooded treatments in the third cycle 
(Table 8). The second cycle was not measured because of a lack of leaf 
tissue for pressure chamber measurement.
Because of the significantly less negative values for the medium and 
flooded treatments of S. sempervirens (Table 7, 8), these data are 
different than those reported by Potvin and Werner (1984) for Solidago 
canadensis and S. .juncea seedlings and clonal transplants subjected to 
various soil moisture levels. They found no significant differences in 
leaf water potentials for either species of Solidago when they subjected 
plants to a gradient of moisture availability, which they interpreted as 
an ability to physiologically acclimate to water stress. This indicates 
that in this study S. sempervirens showed a preference for the wet and 
flooded soil conditions encountered in the swale. The distribution of S. 
sempervirens reflects this: abundant growth occurs in the low swales and
only scattered plants on the higher and drier dune.habitats (Mendelssohn 
et al. 1984).
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No significant differences in mean midday leaf xylem pressures were 
found for P. amarum (Table 8); however, the predawn drought treatment was 
significantly more negative by the end of the third cycle (Table 7). 
Significant differences occurred only when soil moisture was less than 2% 
(Fig. 20). This implies that P. amarum has the ability to acclimate to 
the low soil moisture conditions that occasionally occur in Louisiana's 
coastal dunes (see Chapter 1).
The average midday leaf xylem pressure of -8.7 to -9.8 bars for the 
drought-stressed P. amarum (Table 8) is close to values reported by Ng, 
Wilson, and Ludlow (1975) for Panicum maximum var. trichloglume, a 
tropical pasture grass. They found that visible wilting of leaves for 
this grass occurred when the leaf water potential was -8 to -10 bars, and 
soil water content was approximately 35% (i.e., soil water potential of 
-1.5 to -3.2 bars). The soil moisture measured during this study ranged 
from 29% to less than 1%, which corresponds to soil water potentials of 
approximately 0.1 to -3.0 bars respectively (see Chapter 1).
Leaf Stomatal Conductance
The conductance for S. patens from both habitats remained similar 
for all three treatments throughout the course of the study, ranging 
between 0.01 to 0.25 cm sec * (Fig. 21). Both S. patens populations, 
however, showed a significantly higher conductance for the medium-watered 
treatment than did the drought treatment on day 26 in the first half of 
the second cycle (Fig. 21). This may have been due to the increase in 
PAR recorded for that date (Fig. 18). Soil moisture, however, was not 
limiting, with approximately 11% in the drought treatment and 23% in the 
medium-watered treatment. On day 35, the conductance for the swale S.
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Figure 21. Midday leaf conductance (cm sec ) for each species measured (n=3) for the third stress 
and recovery cycle of Solidago and Panicum, the second stress and recovery cycle of 
Spartina, and both stress and recovery cycles of Hydrocotyle. Open circles represent 
drought stressed plants, closed circles represent medium watered plants, and open triangles 
represent flopded plants; LSD = Least Significant Difference between treatments for each cycle.
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patens (Fig. 21) increased dramatically in all treatments and was sig­
nificantly greater for the flooded treatment, 0.56 cm sec~* compared to 
0.23 and 0.19 cm sec * for the medium-watered and drought treatments, 
respectively.
Overall, Table 9 shows that the dune S. patens did not differ sig­
nificantly between treatments, whereas the swale S. patens manifested a 
significantly higher conductance for the flooded treatment during the 
second cycle. This difference can be attributed to the higher con­
ductance measured on day 35 (Fig. 21) and may not relate to ecotypic 
responses as suggested by Silander and Antonovics (1979).
Hydrocotyle bonariensis exhibited the widest range of leaf conduc­
tances (Fig. 21). Stomatal closure due to low moisture availability 
occurred more readily than in all the other species studied (Fig. 21).
Leaf stomatal conductance ranged from a low of 0.02 to a high of 1.44 cm 
sec * during the two drought-stress cycles. Hydrocotyle bonariensis had 
the highest conductance of all the species studied, 1.44 cm sec 
Stomatal closure occurred as soil moisture in the drought treatment 
declined. As a result, leaf conductance was significantly lower than in 
either the medium-watered or the flooded treatment (Fig. 21). Conversely, 
conductance in the flooded treatment was significantly higher in the 
second cycle than in either the drought or medium-watered treatments.
On the last day of the first cycle, prior to rewatering, the drought 
treatment for H. bonariensis at midday measured -16.0 bars (Fig. 21).
Both the medium-watered and flooded treatments measured approximately 
-8.0 bars. Similar values were observed during the second cycle (Fig. 21). 
This low leaf xylem pressure could account for the stomatal closure that 
was measured.
Table 9. Mean midday leaf conductance (cm s *)* for each cycle and treatment.
Species
Cycle 1 
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*Leaf conductances followed by the same letter do not differ at the 0.05 level of probability for each 
species in each cycle as determined by the Duncan's multiple range test. DRT, MED, FLD indicate 
drought, medium watered and flooded treatments respectively; n = // observations.
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Midday leaf conductance means for each stress cycle of H. bonariensis 
show the drought treatment to be significantly lower (Table 9). In cycle 
two, all three treatments were significantly different, and the flooded 
treatment had the highest conductance mean of all four species. These 
data suggest that H. bonariensis stomata exhibited an increase in stomatal 
opening as soil moisture increased.
Solidago sempervirens exhibited a wide range of conductance values 
throughout the study ranging between 0.07 and 0.89 cm sec values 
decreased on day 37 similarly to those observed for P. amarum (Fig. 21).
A conductance of 0.07 cm sec * for the drought treatment coincided with a 
leaf xylem pressure of -15.6 bars, compared to leaf conductance of 
0.24 cm sec * and leaf xylem pressure of -7.5 bars for the medium-watered 
treatment. Soil moisture for the drought treatment measured less than 2% 
and for the medium-watered approximately 22% (Fig. 20). Significant 
differences were not measured among the treatment means for each cycle 
(Table 9).
Panicum amarum displayed conductance values similar to those of S. 
patens for the three treatments (Fig. 21). Conductance appeared to 
decrease towards the end of the third cycle on day 37 to 0.01 cm sec * 
for the drought treatment compared to 0.12 cm sec * for the flooded and 
0.14 cm sec * for the medium-watered treatments. This stomatal closure 
was most likely due to the decreased moisture availability, which mea­
sured less than 2% for the drought treatment, as opposed to greater than 
15% for the medium-watered treatment. However, the mean midday conduc­
tance values for each cycle were not significantly different for the 
three treatments (Table 9).
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Comparing species possessing the pathway of photosynthesis (S. 
patens and P. amarum) to species possessing the pathway (H. 
bonariensis and S. sempervirens), I found that leaf conductances for the 
species are generally lower values than those measured for the 
species under similar conditions (Table 8). This agrees with the 
generalization that many plants tend to have higher stomatal resis­
tances than Cg plants have, as well as lower mesophyll resistance with 
regard to the passage of CC^ (Hsiao and Acevedo 1974). In addition, 
plants have lower CO^ compensation points than have plants. As a 
result, plants tend to have a lower total resistance to CC^j compared 
to resistance to, water vapor diffusion. Therefore, the lower transpira­
tion rates and higher CO^ assimilation rates of plants produce higher 
water use efficiency than plants have under similar environmental 
conditions (Hsiao and Acevedo 1974). This high water use efficiency may 
contribute to the success of S. patens and P. amarum on the dune by 
postponing dehydration and increasing dry matter production before water 
deficits occur.
Relationship Between Leaf Conductance and leaf Xylem Pressure
As suggested by Cowan (1972) in his stomatal action model, a linear 
relationship is possible over a limited range of conductance between leaf 
conductance and leaf xylem pressure. However, a distinct relationship 
between leaf conductance and leaf xylem pressure was not evident for all 
species (Fig. 22). According to ludlow (1980), within a certain range of 
leaf water potential, conductance is unaffected, but below this range 
conductance declines linearly until it approaches zero or cuticular 
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range and threshold for each species within which leaf xylem pressure 
influences leaf conductance.
The curved lines are boundary lines fitted by eye to define the line 
of best performance, which lies at the edge of the body of data (Webb 
1972; Jarvis 1976; Syvertsen 1982). This line thereby defines the upper 
limit of response, or best response, with the scattering of points due to 
errors of measurement, variability of the plant leaves, and the overall 
variation due to uncontrollable environmental factors. Because devia­
tions from the "best" can only be in one direction, all points must lie 
on one side of the line of best performance and not on both sides as with 
a usual regression line. This line of best performance, or boundary 
line, is only discernible when the limits of response in the situation 
are reached, that is, when the maximum leaf conductance attainable as 
leaf xylem pressure decreases.
The "best" response for each species with respect to optimal soil 
moisture was expected in the medium-watered and flooded treatments, as 
well as in the initial stages of the drought-stress treatment. The 
drought treatment provided the limit of response for leaf conductance 
with respect to decreasing soil moisture and decreasing leaf xylem 
pressure as each cycle progressed. The wide scatter of leaf conductance 
found over a wide range of leaf xylem pressure for each species (Fig. 22) 
can be attributed to the different treatments and the variations in 
temperature, light, relative humidity, and external CO^ concentration, 
which Kramer (1983) lists as the principal environmental factors affecting 
stomatal behavior.
Leaf conductance of S. patens dune and swale began to decrease when 
leaf xylem pressure values became more negative than -20 to -22 bars
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(Fig. 22). Leaf conductance dropped rapidly after that threshold was 
exceeded. Panicum amarum, in contrast, showed a gradual decline in leaf 
conductance beginning at a leaf xylem pressure of -7 to -8 bars and 
dropping steadily to stomatal closure at approximately -18 bars.
Stomatal conductance measured 0.04 cm sec * when leaf xylem pressure 
dropped to -18 bars for P. amarum. This stomatal adjustment is more 
typical of plants than that measured for S. patens. It has been 
documented that many plants have higher stomatal resistances than 
plants have under comparable environmental conditions (Hsiao and Acevedo 
1974). Spartina patens1 lack of stomatal adjustment implies that it has 
greater dehydration tolerance than P. amarum, which shows a more gradual 
stomatal adjustment as leaf xylem pressure decreases. Partial stomatal 
opening, as witnessed for P. amarum at approximately -17 bars leaf xylem 
pressure, would allow some CC^ fixation to occur, while potentially main­
taining a more favorable tissue water balance.
The data for S. sempervirens show a wide scatter and no significant 
overall relationship between leaf conductance and leaf xylem pressure 
(Fig. 22). Stomatal closure occurred over a wide range of leaf xylem 
pressures between -10 and -21 bars (Fig. 22). This agrees with a study 
of Solidago juncea and S. canadensis by Potvin and Werner (1983) that 
showed that stomatal closure occurred for both species at -16 to -20 bars 
under controlled conditions. The wide scatter of drought and medium- 
watered values in ray data may indicate how the distribution of S. 
sempervirens is influenced by its water use. That is, as long as water 
is available, conductance appears to increase with decreasing leaf xylem 
pressure, but when water is limiting, stomatal closure occurs, thereby 
reducing the potential for carbon fixation. This need for abundant
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moisture reflects S. sempervirens1 distribution, which is abundant in the 
swale habitat and only scattered on the drier dune areas (Mendelssohn et 
al. 1983).
Hydrocotyle bonariensis initiated closing of stomata between -12 and 
-14 bars of leaf xylem pressure. Stomatal closure occurred for H. 
bonariensis at approximately -16 bars. Leaf conductance for H. 
bonariensis reached a minimum of approximately 0.05 cm s * between -15 
and -16 bars of leaf xylem pressure in the drought treatment (Fig. 22).
A comparison of the drought and medium-watered treatments suggests that 
dehydration avoidance occurs by stomatal closure for this species. As 
with S. sempervirens, H. bonariensis is abundant in the moist swale 
habitat, and only scattered on the dunes. Hydrocotyle bonariensis showed 
the highest leaf xylem pressures and highest conductances at midday of 
all the study species for both the flooded and medium-watered treatments 
(Tables 7, 8).
Except for H. bonariensis and P. amarum, which exhibited a distinct 
threshold of stomatal closure in the drought treatment, all other species 
examined had a wide range of stomatal response to decreased leaf xylem 
pressure (Fig. 22). Other investigations have reported similar responses; 
some species exhibited stomatal closure over a wide range of leaf xylem 
pressure, and other species had distinct thresholds of leaf xylem pres­
sure (Hsiao 1973; Sanchez-Diaz and Kramer 1971). This has led Kozlowski 
(1982) to question the validity of threshold leaf xylem pressure for 
stomatal closure because of modifications to plant responses caused by 
past and present environmental stresses. Indeed, acclimation to the 
drought and flooded treatments in the second and third cycles may have
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effected a change in response and may partially account for the scatter 
of leaf conductance values in my data.
All leaf conductance data were regressed on linear and quadratic
leaf xylem pressure terms for each cycle (Table 10). Only the results of
2the quadratic analysis are presented because the r values are higher 
than the analysis of the linear model. The highest r value significant 
at 0.05 level is 0.47 for H. bonariensis drought treatment in cycle 1. 
This general lack of fit can be attributed mostly to sampling and envi­
ronmental variability and sampling method. The leaf xylem pressure and 
leaf conductance were not measured on the same leaf because of the 
destructiveness of the pressure equilibration method of measuring leaf 
xylem pressure.
leaf Elongation
Leaf elongation rate declines as the drought cycle progresses for 
each species and treatment (Fig. 23). This may be partly attributed to a 
decline in the availability of nutrients, as all treatments were fer­
tilized only at the outset of each drought cycle with 10% Hoagland's 
solution. Consequently, the elongation rate increased at the beginning 
of each new cycle in response to the application of nutrients. Further­
more, reduction in growth caused by the drought treatment was compensated 
by rapid growth after rewatering at the beginning of each cycle. That 
is, the drought-stress treatments show slightly higher elongation rates 
for each species after rewatering (Bunce 1977). However, H. bonariensis 
was an exception, with the leaf expansion rates in the drought treatment 
being lower than in both the medium-watered and flooded treatments after 
rewatering (Fig. 23). Although growth of H. bonariensis leaves increased
Table 10. Significance levels in the simple regression of leaf conductance (COND) on 








Spartina r2 0.08 0.04 0.52 0.30 0.58 0.43
(dune) n 3 3 3 24 24 24
ns ns k JUA JL.*% A
Spartina r2 ■ 0.30 0.23 0.10 0.26 0.59 0.13
(swale) Q 6 6 6 24 24 24
r* A A A ns * A A A
Panicum r2 0.45 0.83 0.11 0.24 0.13 0.38
n 6 6 6 24 24 24
ns > U J LA A A ns J U .A A ns *
Solidago r2 0.56 0.09 0.37 0.07 0.08 0.07
n 6 6 6 24 24 24
ns ns ns ns ns ns
Hydrocotyle r2 0.47 0.08 0.13 0.13 0.15 0.28
n 12 12 12 16 16 16
JLJL
A O ns ns ns ns ns
*** Significant at 0.01, 0.05 and 0.10 levels respectively; ns, not significant; 
DRT, NED, FLD indicate drought, medium watered and flooded treatments 






Figure 23. Leaf elongation rates (n=3) for each treatment (open circles represent drought 
stressed plants, closed circles represent medium watered plants, and open 
triangles represent flooded plants) of each species at different times.
LSD = Least Significant Difference between treatments for each cycle.
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when the drought treatment was rewatered, it was surpassed by the flooded 
and medium-watered growth rates (Fig. 23).
The increased leaf elongation rate in the drought treatment fol­
lowing rewatering, observed in both S. patens populations, P. amarum, S. 
sempervirens, and to a limited extent H. bonariensis (Fig. 23), has been 
documented for other species (Acevedo et al. 1971; Cutler and Rains 1977; 
Gates 1955a, b). These data support the theory that cell division may be 
less sensitive to water stress than is cell enlargement and that the cell 
number is of the same order in both stressed and unstressed control 
plants, and cell size is greater in the latter (Begg and Turner 1976). 
This would explain how, as in other studies (Acevedo et al. 1971; Cutler 
and Rains 1977; Hsaio et al. 1970), the growth rate for the stressed 
plants exceeded that of the medium-watered plants following rewatering 
for a short, transitory, rapid growth phase. The growth after release 
from water stress may indicate that growth is postponed during water 
stress because of loss of turgor. It has also been suggested that this 
compensatory growth results from stored metabolites synthesized when cell 
enlargement is inhibited and later made available for cell growth when 
turgor is restored (Acevedo et al. 1971; Green et al. 1971).
Differences in daily growth rates are readily apparent among treat­
ments for dune and swale S. patens, particularly in the second drought 
cycle (Fig. 23). During the second cycle, the drought treatment for the 
dune S. patens had several daily rates of leaf elongation significantly 
higher than either the flooded or the medium-watered treatments. This 
was not observed for the swale population. The drought treatment elon­
gation rates dropped considerably for plants from both populations when
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soil moisture levels were 2.0% or less (Fig. 20), and predawn leaf xylem 
pressures were -15 bars or less (Figs. 23, 24).
The drought-stressed dune S. patens appeared to have had greater 
cumulative growth than either the flooded or medium-watered treatments, 
whereas the swale plants showed a reverse trend with more growth in the 
medium watered treatment (Fig. 25). This seems to be a result of in­
creased compensatory growth, which occurred after watering on day 20 
(Fig. 23). Similar results were obtained for another dune grass,
Dactlyis glomerata (Ashenden et al. 1975); populations from drier habi­
tats had better growth responses to low moisture treatments than popula­
tions from wet habitats. In addition, Bunce (1977), using soybeans, and 
Gindel (1968), using alfalfa, both found that plants subjected to mild 
water stress had a larger final leaf size than leaves of control plants 
or severely stressed plants had. This was attributed to a prolonged 
elongation period and increased epidermal cell number.
Additional evidence in Table 11 shows that the drought-stressed dune 
S. patens had a significantly greater leaf elongation rate for the second 
cycle than the other treatments. The swale plants did not show signif­
icant differences between treatments. Also, the threshold leaf xylem 
pressure where leaf elongation showed a marked decrease is estimated to 
be between -10 and -12 bars for the dune S. patens and between -8 and -10 
bars for the swale (Fig. 24).
As Silander and Antonovics (1979) have shown, S. patens exhibits a 
wide ecological amplitude, colonizing a diversity of maritime habitats, 
which impose diverse selection pressures, of which dune and swale are 
only two. Their studies reveal that significant divergence has occurred 
among adjacent dune, swale, and marsh subpopulations. They reported that
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Figure 24. Leaf elongation (n=3) versus predawn leaf xylem pressure (n=3) for all stress and
recovery cycles for each species (two cycles for S. patens and H. bonariensis; three 
cycles for P. amarum and S. sempervirens). where open circles represent drought, 
closed circles represent medium watered, and open triangles represent flooded plants.
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*Leaf elongation means followed by the same letter do not differ at the 0.05 level of probability for 
each species in each cycle as determined by the Duncan's multiple range test. DRT, MED, FID indicate 
drought, medium watered, and flooded treatments respectively; n = § observations.
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the dune plants showed a greater tolerance for drought and responded 
better to low soil moisture availability than did the other ecotypes.
The leaf elongation data supports their findings and suggests that the 
dune S. patens, when subjected to varying levels of water availability, 
is more successful in the drought treatment than is the swale S. patens 
(Fig. 25).
Panicum amarum did not exhibit a sharp decrease in leaf elongation 
rate until soil moisture dropped to approximately 1.5% (Fig. 20), and 
predawn leaf xylem tensions were -14 bars or less (Fig. 19), as exhibited 
in the second and third stress cycles (Fig. 23). The mean leaf elonga­
tion rates for each treatment were not significantly different, according 
to the Duncan's multiple range test (Table 11). Again, as with S. 
patens, the recovery of the drought-treatment leaf elongation rate after 
rewatering was rapid and exceeded the rate measured for either the 
flooded or medium-watered treatments (Fig. 23). The leaf xylem pressure 
at which leaf elongation approaches zero for P. amarum occurs in a range 
between -7 and -14 bars (Fig. 24). This range for the threshold value 
includes the -11 bars reported for Panicum maximum by Ludlow and Ng 
(1976), and -9 bars for Zea mays by Ludlow (1976).
Solidago sempervirens had the lowest leaf elongation rates of all 
the study species (Table 11). As with the other species, all treatments 
showed a steady decrease in growth with time (Fig. 23), probably due to 
soil nutrient depletion since fertilization with 10% Hoagland's occurred 
only at the outset of each cycle. For S. sempervirens the drought 
treatment had the highest mean leaf elongation in the first cycle, and 
this elongation was repeatedly significantly greater than that in the 
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Figure 25. Total growth for each species (each point represents the total growth for each
treatment at that point in time). Open circles represent drought stressed plants, 




decreasing predawn leaf xylem pressure for each treatment (Fig. 24). The 
leaf xylem pressure at which leaf elongation appears to cease is estimated 
to be -12 bars for the drought treatment. This fairly low threshold 
indicates a moderate degree of drought tolerance compared to that of 
other species reported by Hsiao (1973), who showed that growth halted at 
-4 bars for sunflower, -7 bars for corn, and -12 bars for soybean.
Unlike the other species, the flooded H. bonariensis performed 
better than both the drought and medium-watered treatments. In the 
second cycle the drought-treatment growth rate is significantly less than 
that of either the flooded or medium-watered treatments (Fig. 23). The 
cumulative increase in leaf diameter was the highest for the flooded 
treatment and lowest for the drought treatment (Fig. 25). The mean 
increase in diameter was significantly lower for the drought-stressed 
plants in both cycles (Table 11), according to the Duncan's multiple 
range test. The second cycle exhibited a significant difference between 
all three treatments, again with the flooded and drought treatments 
having the highest and lowest means respectively.
As with the other species, H. bonariensis exhibited a similar 
slowing of growth for all treatments as each cycle progressed. The 
growth rate dropped to 0.02 cm/day or less for each drought cycle 
(Fig. 23). Growth diminished dramatically when soil moisture was 
limiting (i.e., approximately 3%; Fig. 20) and when predawn leaf xylem 
tension decreased to between -6 and -10 bars (Fig. 24). This leaf xylem 
tension threshold for growth was higher than that of S. sempervirens and 
higher than the average of -9 bars estimated by Ludlow (1976) for a 
number of herbaceous plants. Hydrocotyle bonariensis had the highest 
threshold of all the species studied, which indicates that it is the
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least responsive to growth under low moisture conditions and, hence, not 
well adapted to the dune environment.
In order to assess the relationship between leaf growth and leaf
xylem pressure, these data plotted in Figure 24 were regressed using a
quadratic term for leaf xylem pressure for each cycle by treatment,
similar to the previous regressions for leaf conductance (Table 12).
Spartina patens dune and swale plants both showed the most consistently 
2significant r values at the 0.01 level for each drought-stress treat­
ment, thus indicating a relationship between declining leaf elongation 
and decreasing leaf xylem pressure. Except for the third cycle of S. 
sempervirens, no other significant drought-stress relationships were 
recorded. This can be explained by the small proportion of data points
collected when plants were actually stressed compared to the remainder of
the cycle when plants were not stressed. The actual decline in leaf 
elongation as related to changes in leaf xylem pressure usually occurred 
rapidly over a short time period as plants became stressed towards the 
end of the drought cycle (Fig. 23). This can be accounted for by the 
rapid drop in moisture availability documented for this sand in the soil 
moisture retention curve in the field study (Chapter 1).
Shoot and Root Biomass
Total above- and belowground biomass showed no treatment differences 
except for P. amarum and H. bonariensis (Table 13). Panicum amarum had 
best growth in the medium-watered treatment, and H. bonariensis grew best 
in the flooded treatment. Neither P. amarum nor the dune S. patens 
displayed significant differences in shoot or root biomass in the three 
treatments. Although these differences were not significant, the data
Table 12. Significance levels in the simple regression of leaf elongation (increase in leaf 
diameter for H. bonariensis) on leaf xylem pressure i.e. quadratic equation 










Spartina r2 0.48 0.30 0.26 0.12 0.06 0.01
(dune) n 42 42 42 186 186 186
* JL1 A * JL.A A ns
Spartina r2 0.29 0.03 0.09 0.09 0.01 0.01
(swale) n 42 42 42 186 186 186
* ns ** * ns ns
Panicum r2 0.28 0.04 0.02 0.43 0.20 0.28 0.06 0.09 0.03
n 18 18 18 18 18 18 144 144 144
ns as ns ns ns ns ns JU,A A ns
Solidago r2 0.43 0.09 0.17 0.58 0.24 0.01 0.10 0.02 0.01
n 18 18 18 18 18 18 138 138 138
ns ns ns ns ns ns JUL A A ns ns
Hydrocotyle r2 0.17 0.01 0.05 0.19 0.33 0.50 ■
n 36 36 36 42 42 42
ns ns ns ns iJULbA A A JLJUA A
*** Significant at 0,01, 0.05 and 0.10 levels respectively; ns, not significant; 
DRT, MED, FLD indicate drought, medium watered, and flooded treatments 
respectively; n = # observations.
Table 13. Mean above ground (shoot), below ground (root), and total
biomass (g), and root:shoot biomass ratios* for each treatment 
and each species.
Species Shoot Root Total Root:Shoot
Spartina DRT 18.33 a 15.83 a 34.16 a 0.89 a
(dune) MED 21.55 a 14.20 a 35.75 a 0.66 a
FLD 21.01 a 20.77 a 41.78 a 1.00 a
Spartina DRT 11.33 a 8.98 a ,b 20.31 a 0.81 a ,b
(swale) MED 9.98 a 11.38 a 21.36 a 1.20 a
FLD 8.58 a 4.90 b 13.48 a 0.58 b
Panicum DRT 11.78 a 10.32 a 22.10 b 0.89 a
MED 16.35 a 12.20 a 28.55 a 0.81 a
FLD 11.73 a 7.95 a 19.68 a,b 0.69 a
Solidago DRT 31.28 b 12.20 a 43.48 a 0.39 a
MED 50.67 a 14.97 a 65.64 a 0.31 b
FLD 44.13 a,b 12.32 a 56.45 a 0.29 b
Hydrocotyle DRT 5.08 b 5.00 b 10.08 b 1.09 a
MED 10.93 a,b 7.77 a,b 18.70 a,b 0.78 a
FLD 13.20 a 9.87 a 23.07 a 0.85 a
*Biomass and ratio means followed by the same letter do not differ at the 
0.05 level of probability for each .species as determined by the Duncan*s 
multiple range test. DRT, MED, FID indicate drought, medium watered, and 
flooded treatments respectively; n=3 for all treatments.
suggest that the drought treatment may have been., approaching a larger 
root to shoot ratio for P. amarum. According to Struik and Bray (1970) 
the root:shoot values tend to increase as the dryness of the habitat 
increases for Zea mays and forest herbs. This is contrary to Kummerow's 
(1980) finding that little overall correlation exists in semiarid envi­
ronments between water stress and increases in the root to shoot ratio.
No significant differences were observed in the root to shoot ratios 
among the three treatments for the dune S. patens (Table 13). The 
medium-watered treatment root to shoot ratio was the lowest of the three 
treatments for S. patens. In contrast, the swale S. patens exhibited 
nearly twice as much shoot as root biomass in the flooded treatment and a 
root biomass in the medium-watered treatment significantly larger than in 
the flooded (Table 13).
Solidago sempervirens had the lowest root to shoot ratios of all the 
species studied (Table 13). Although S . sempervirens exhibited no 
differences in root biomass between the three treatments, the aboveground 
biomass for the drought treatment was statistically lower than that of 
the medium-watered treatment (Table 13). The decrease in aboveground 
biomass can be interpreted as a decrease in leaf area since only basal 
leaf rosettes were grown. This would enable the stressed plants to 
reduce the amount of water lost through transpiration. Drought stressed 
S. sempervirens had significantly larger root to shoot ratios, as observed 
in other stressed plants (Kramer 1963; Struik and Bray 1970; Cutler and 
Rains 1977). One hypothesis for the increase in the root to shoot ratio 
may be that roots are better able to adjust osmotically than leaves, 
which results in an increase in the root to shoot ratio (Hsiao 1973;
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Hsiao and Acevedo 1974). This allows the plant to explore more soil 
volume and extract more water (Begg and Turner 1976; Ludlow 1980).
Hydrocotyle bonariensis was the only species studied in which the 
flooded treatment produced significantly greater biomass for both shoots 
and roots than did the drought treatment. However, the root to shoot 
ratio was not found to be statistically different for the three treat­
ments (Table 12). Of all the species studied, H. bonariensis and S. 
sempervirens both appear to be better adapted to wetter soil conditions. 
Solidago semperviens produced the most aboveground biomass in the 
medium-watered treatment, and H. bonariensis had the highest shoot 
biomass in the flooded treatment (Table 13). The presence of a shallow, 
fleshy rhizome system in H. bonariensis is a drought-resistance mechanism 
characteristic of other genera in the Apiaceae family (Kummerow 1980). 
According to Kummerow (1980), these roots can act as water storage organs 
in plants of arid environments. With root systems close to the soil 
surface, H. bonariensis can take advantage of the intermittent summer 
showers common along the Louisiana Gulf coast (Wax et al. 1978). These 
rain showers are often short and intense and therefore only affect 
moisture levels in the top layer of sand.
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Summary
Dune and swale populations of Spartina patens, as well as Panicum 
amarum, Hydrocotyle bonariensis, and Solidago sempervirens, were sub­
jected to three watering regimes: drought, medium watered, and flooded.
The plants were observed for responses to both water deficits and 
flooding. Periodic sampling of leaf xylem pressure, leaf conductance, and 
leaf elongation revealed how each plant responded to differing levels of 
water availability.
Except for H. bonariensis, each species showed an increase in the 
length of each progressive drought cycle, which indicated conditioning to 
low moisture availability. Analysis of leaf elongation showed that after 
rewatering all species except H. bonariensis exhibited an increase in the 
drought-stress elongation rate that surpassed those of the other treat­
ments. The increase in elongation rate suggests that cell division is 
less sensititve to water stress than leaf elongation. Therefore, growth 
may have been postponed because of loss of turgor until the stressed 
plants were rewatered.
As in the field study, dune and swale plants of S. patens had the 
most negative midday leaf xylem pressure values of all the species. Both 
the flooded and drought treatments had lower leaf xylem pressure than the 
medium-watered treatment. The swale plants had significantly lower leaf 
xylem pressure in the drought treatment than the flooded and medium- 
watered treatments. Neither dune or swale S . patens populations displayed 
significant stomatal closure as leaf xylem pressure became more negative; 
however, midday leaf conductance was significantly higher in the flooded 
swale plants. Increase in leaf elongation was found to occur in both
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drought-stressed populations upon rewatering. By nature of the drought- 
stress experiment, stress was achieved gradually so that for the large 
part of the cycle, stress was actually mild. The data suggests that the 
drought-stress rate of leaf elongation in the dune population of S. 
patens was greater than that in either the medium-watered or the flooded * 
treatments. Larger final leaf size has been reported for other plants 
subjected to mild water stress because of a prolonged elongation period 
and increased number of epidermal cells. The swale S. patens did not 
exhibit this, thus suggesting that the dune population may be more 
drought tolerant and have a greater ability to grow under water stress.
Hydrocotyle bonariensis was sensitive to water stress and ceased 
growth earlier than all the other species. Growth essentially stopped at 
6.2% soil moisture. Both predawn and midday values of leaf xylem pressure 
for H. bonariensis were the least negative of all the species studied.
Leaf conductance was significantly lower in the drought-stressed treat­
ment, and the highest conductance of all species was in the flooded 
treatment. Hydrocotyle bonariensis appeared to have the most stomatal 
control of all species studied.
Unlike the other species, upon rewatering H. bonariensisf leaf 
elongation in the drought treatment did not exceed that in the other 
treatments. Of the four species examined, H. bonariensis responded best 
to flooding, and its greatest root and shoot biomass occurred in the 
flooded treatment.
The leaf xylem pressure results for S. sempervirens are similar to 
those for the swale S. patens. Mean predawn values were highest for wet 
and flooded soil conditions, and significantly less negative values were 
in the flooded treatment. Overall treatment means showed no significant
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differences in leaf conductance; however, stomatal closure occurred as 
leaf xylem pressure became more negative. Compensatory growth in the 
drought-stressed plants was also documented for S. sempervirens; however, 
it had the lowest leaf elongation rates of all the species studied. 
Significantly greater root to shoot biomass ratios for the drought- 
stressed plants indicate that shoot production decreased as water avail­
ability decreased.
Panicum amarum displayed no significant differences between treatments 
for midday leaf xylem pressure. However, significant differences in 
predawn leaf xylem pressure were measured by the end of the last stress 
cycle when soil moisture was less than 2%. In addition, the mean values 
of all three treatments for the last cycle were all higher than in each 
previous cycle, thus indicating acclimation to each treatment. Also, as 
leaf xylem pressure decreased, mean diurnal leaf conductance decreased, 
but no significant differences between treatment means were observed, 
leaf elongation rates did not differ statistically; however, drought- 
stress recovery was rapid upon rewatering and exceeded that of the other 
treatments for several days afterward.
SYNTHESIS
Coastal Louisiana sand dunes are not a water-deficient environment. 
Adequate soil moisture for plant growth was measured on every sampling 
date in the field in spite of the low water-holding capacity of the dune 
soils. This can be directly attributed to the Louisiana Gulf coast 
climate, which provides ample precipitation throughout the entire year 
(Wax et al. 1978). Thus, rainfall was found to be the primary source of 
water for plant growth, as suggested by Ranwell (1972). Occasional 
periods of low moisture availability occur, as demonstrated by the one 
brief drought period recorded during the study. Dune soil moisture 
approached the limits of plant availability in August 1980, when the 
upper layers had 2% or less soil moisture. Therefore, the alleged 
xerophytic nature of the dune environment frequently described in the 
literature (Ashenden 1978; Au 1970; DeJong 1979; Kearney 1904; Ranwell 
1972) does not readily apply to Louisiana's coastal dunes. The best 
example of this contrast is the evidence given by DeJong (1979), who 
found that surface soil moisture of coastal dunes in southern California 
became increasingly lower during the region's dry, mediterranean summer. 
DeJong (1979) showed that this situation requires plants to obtain 
moisture for survival from water table evaporation rather than from 
precipitation. In Louisiana, a soil moisture exclusion study showed 
summer precipitation to be adequate for plant growth on coastal dunes. 
Therefore, plants were found to be distributed according to their par­
ticular physiological and morphological adaptations to maintain a 
favorable water balance for plant growth.
Some authors suggest that rooting depth accounts for differences in 
distribution (Martin and Clements 1939; Purer 1936) and plant water
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relations (DeJong 1979). In this study, rooting patterns partially 
explain differences between dune species' leaf xylem pressure and leaf 
conductance. Rhizomes of S. patens and P. amarum were found to extend to 
just above the water table, thereby allowing extraction of water from a 
greater soil volume. Hydrocotyle bonariensis had shallow roots from 
underground rhizomes concentrated in the upper 10 to 15 cm of the soil 
profile. This rooting pattern enables H. bonariensis to take advantage 
of the frequent summer showers, which wet only the top layers of the soil 
profile. Solidago sempervirens1 rooting pattern combines characteristics 
of the others' and includes a tap root and diffuse lateral roots.
Although drought conditions occurred infrequently, the plants were 
classified according to their mechanisms and responses to low moisture 
availability using the method described by Levitt (1972). In the field, 
the ability of dune S. patens to withstand low leaf xylem pressures and 
to control transpiration was verified in the greenhouse. Drought-stress 
experiments showed that leaf conductance decreased at a leaf xylem 
pressure of approximately -20 bars. Less negative predawn leaf xylem 
pressure after progressive drought cycles and continued leaf elongation 
indicated acclimation to drought stress for the dune population of S. 
patens. The drought-stress rate of leaf elongation for the dune S. 
patens was greater than that of either the medium-watered or the flooded 
treatments. This was not observed in the swale population, but occurred 
to a lesser degree in P. amarum. This difference in growth rates can be 
attributed to the fact that leaf elongation in grasses is controlled by 
the water status in the embryonic region at the base of the leaf, which 
is different from older tissue (Watts 1974). The ability of the dune S.
patens to withstand low leaf xylem pressures and continue to grow sup­
ports the idea of ecotypic differences between dune and swale popula­
tions, as suggested by Silander and Antonovics (1979). Both populations 
of S. patens showed drought tolerance by enduring low leaf xylem 
pressure; however, only the dune plants had the drought-avoidance 
response of lowering leaf conductance when soil moisture decreased.
Thus, with its deep-rooting rhizome, dune S. patens had characteristics 
of both drought tolerance and avoidance.
In contrast to S. patens, H. bonariensis and P. amarum both dis­
played drought-avoidance response to low moisture availability. 
Drought-stressed experiments indicated that H. bonariensis was the most 
sensitive to water stress and had the earliest drop in predawn leaf xylem 
pressure when soil moisture fell to 6.2%, compared to 2% or less for the 
other species. Drought avoidance observed in the field showed H. 
bonariensis to have the least negative leaf xylem pressures and the 
lowest leaf conductances when soil moisture became limiting. Greenhouse 
experiments indicated that H. bonariensis had the most sensitive stomatal 
control of all four species and that stomatal closure occurred between 
-12 to -14 bars of leaf xylem pressure. Therefore, three factors that 
enable H. bonariensis to avoid drought stress can be distinguished:
(1) stomatal control, which enables plants to reduce transpiration;
(2) extensive shallow root systems, which allow the capture of precipi­
tation from frequent summer showers; and (3) succulent leaves, stems, and 
rhizomes, which permit water conservation and the subsequent avoidance of 
extremely negative water potentials.
In the field, P. amarum exhibited drought-avoidance characteristics 
of decreased leaf conductance and the maintenance of relatively high leaf
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xylem pressures, in conjunction with, a deep-rooting rhizome. Drought- 
stress experiments indicated gradual stomatal adjustment as leaf xylem 
pressure varied between -7 to -17 bars. Predawn leaf xylem pressure 
became less negative after repeated drought-stress cycles, thus indi­
cating acclimation to drought conditions.
Solidago sempervirens in the field had both high leaf conductances 
and lower leaf xylem pressures than either dune population of P. amarum 
or H. bonariensis. Drought-stress studies showed S. sempervirens to have 
the most negative predawn leaf xylem pressures of all species in each 
treatment. Leaf conductance did not appear to be controlled by a decrease 
in leaf xylem as documented for the other species. Thus the abundant 
distribution of S. sempervirens in the moist swale and its inability to 
adjust to drier conditions reflect its more mesophytic nature. This is 
contrary to the results of Potvin and Werner (1984) for two other species 
of Solidago, which were both able to acclimate to low soil moisture.
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-1,Figure Al. Leaf xylem pressure (bars), leaf conductance (cm s A), ambient air temperature (°C) 
(closed circles), percent relative humidity (open circles), and photosynthetically 
active radiation (microeinsteins m s )  for May 25, 1980. For leaf xylem pressure 
(closed circles) and leaf conductance (open circles), each symbol is the mean of 
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Figure A2. Leaf xylem pressure (bars), leaf conductance (cm s ), ambient air temperature (°C) 
(closed circles), percent relative_ljuraidity (open circles), and photosynthetically 
active radiation (microeinsteins ra s ) for June 6, 1980. For leaf xylem pressure 
(closed circles) and leaf conductance (open circles), each symbol is the mean of 
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Figure A3. Leaf xylem pressure (bars), leaf conductance (cm s A), ambient air temperature (°C) 
(closed circles), percent relativehumidity (open circles), and photosynthetically 
active radiation (microeinsteins m s )  for August 13, 1980. For leaf xylem 
pressure (closed circles) and leaf conductance (open circles), each symbol is the 
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-1,Figure A4. Leaf xylem pressure (bars), leaf conductance (cm s ±), ambient air temperature (°C) 
(closed circles), percent relativehumidity (open circles), and photosynthetically 
active radiation (microeinsteins m s )  for October 10, 1980. For leaf xylem 
pressure (closed circles) and leaf conductance (open circles), each symbol is the 
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-1,Figure A5. Leaf xylein pressure (bars), leaf conductance (cm s x), ambient air temperature (°C) 
(closed circles), percent relative humidity (open circles), and photosynthetically 
active radiation (microeinsteins m s )  for November 7, 1980. For leaf xylem 
pressure (closed circles) and leaf conductance (open circles), each symbol is the 
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Figure A6. Leaf xylem pressure (bars), leaf conductance (cm s ), ambient air temperature (°C) 
(closed circles), percent relativehumidity (open circles), and photosynthetically 
active radiation (microeinsteins m s~ ) for December 16, 1980. For leaf xylem 
pressure (closed circles) and leaf conductance (open circles), each'symbol is the 
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Figure A7. Leaf xylem pressure (bars), leaf conductance (cm s ), ambient air temperature (°C)
(closed circles), percent relative_jjumidity (open circles), and photosynthetically 
active radiation (microeinsteins m s )  for January 16, 1981. For leaf xylem 
pressure (closed circles) and leaf conductance (open circles), each symbol is the 
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Figure A8. Leaf xylem pressure (bars), leaf conductance (cm s ), ambient air temperature (°C) 
(closed circles), percent relative_J}umic^ity (open circles), and photosynthetically 
active radiation (microeinsteins m s )  for February 21, 1981. For leaf xylem 
pressure (closed circles) and leaf conductance (open circles), each symbol is the 
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Figure A9. leaf xylem pressure (bars), leaf conductance, (cm s ), ambient air temperature (°C) 
(closed circles), percent relativehumidity (open circles), and photosynthetically 
active radiation (microeinsteins m s )  for March 20, 1981. For leaf xylem pressure 
(closed circles) and leaf conductance (open circles), each symbol is the mean of three 
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